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I. REAL PARTY IN INTEREST 

The real party in interest is the assignee, POWDERJECT RESEARCH LIMITED, 4 
Robert Robinson Avenue, Oxford Science Park, Oxford, OX4 4GA, United Kingdom. 

II. RELATED APPEALS AND INTERFERENCES 

Neither the appellant, appellant's legal representative, or their assignee is aware of any 
related appeals or interferences that will affect directly or be affected directly by or have a 
bearing on the Board's decision in the pending appeal. 

III. STATUS OF CLAIMS 

Claims 1,3,5, 7, 11-18, and 20-32 are rejected, are on appeal, and are attached hereto 
in the Claims Appendix. Claims 33-40 were withdrawn from consideration in response a 
Restriction Requirement dated March 30, 2001. Claims 2, 4, 6, 8-10, and 19 are canceled. 

IV. STATUS OF AMENDMENTS 

In response to a restriction requirement dated March 30, 2001, claims 1-32 were 
elected for prosecution on the merits and claims 33-40 were withdrawn from consideration. 
An RCE was filed on June 1 7, 2003 in which claim 1 9 was canceled and claim 1 was 
amended. In response to an Office Action dated April 21, 2005, claims 1 and 22 were 
amended and claims 2, 4, 6 and 8-10 were canceled. 

V. SUMMARY OF THE CLAIMED INVENTION 

Claim 1 is the sole pending independent claim. The claimed invention is a method for 
administering a therapeutic agent to a predetermined area of the skin or mucosa of a 
vertebrate subject. The method of claim 1 entails accelerating particles containing a desired 
therapeutic agent into, across, or both into and across, the area of skin or mucosa using a 
needleless syringe device. A transdermal drug delivery device or occlusive dressing is then 
topically positioned over the area of skin or mucosa. See, e.g., page 4, lines 6-14 of the 
specification and claim 1 . 

2 
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VI. GROUNDS OF REJECTION TO BE REVIEWED ON APPEAL 

The Examiner maintained a rejection of claims 1-18, and 20-32 under U.S.C. § 103(a) 
as allegedly being unpatentable over WO 98/29134 ('134) in view of U.S. Patent No. 
5,630,796 C796).^ 

VII. ARGUMENTS 

A. Rejection of Claims 1, 3, 5, 7, 11-18, and 20-32 Under 35 U.S.C. § 103(a) 
As Being Unpatentable Over WO 98/29134 (Eppstein) and U.S. Patent 
No. 5,630,796 (Bellhouse) 

1. Examiner's Basis for the Rejection 

Claims 1, 3, 5, 7, 1 1-18, and 20-32 stand rejected as allegedly obvious over 
WO 98/29134 ("Eppstein") in view of United States Patent No. 5,630,796 ("Bellhouse"). 
Claim 1 of the present application recites that particles are accelerated into and/or across an 
area of skin or mucosa using a needleless syringe device. Subsequently, a transdermal 
delivery device or an occlusive dressing is topically positioned over the area of skin or 
mucosa. The particles contain the therapeutic agent. 

The Examiner argues that the claimed invention would have been obvious over 
Eppstein in view of Bellhouse. The basis for the Examiner's position is the view that 
Eppstein teaches a method of enhancing the permeability of an active agent across a 
biological membrane, including skin and mucosa. In particular, the Examiner asserts that the 
method of Eppstein includes carrying out microporation of the membrane at a site of 
administration, followed by contacting the porated surface with a permeant (for example, a 
therapeutic agent) and a permeation enhancer. The Examiner then argues that Eppstein 



* Claims 1 and 22 were amended and claims 2, 4, 6 and 8-10 were canceled in 
Applicants Amendment after Final Rejection dated August 22, 2005. In the September 23, 
2005 Advisory Action, the Examiner stated that the August 22, 2005 amendments would be 
entered. Therefore, this rejection applies to pending claims 1, 3, 5, 7, 11-18, and 20-32. 
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suggests forming pores using "any" non-invasive technique that does not require entry of a 
needle or invasive instruments into the skin or mucosa. 

The Examiner acknowledges, however, that the primary reference, Eppstein, does not 
teach or suggest the use of a needleless syringe to carry out the microporation. Nevertheless, 
the Examiner argues that it would have been obvious to use the needleless syringe described 
in Bellhouse to carry out the microporation step described by Eppstein, and then to apply a 
topical patch containing an active agent as described in Eppstein. On that basis, the Examiner 
argues that the claims at issue are obvious over Eppstein in view of Bellhouse. The Examiner 
asserts that one skilled in the art would have been motivated to combine these references 
because Bellhouse teaches that the needleless syringe method is a safe and quick method with 
less pain and no risk of infection. Finally, the Examiner asserts that a skilled artisan would 
have a reasonable expectation of successfully arriving at the claimed invention. 

2. The combined teachings of Eppstein and Bellhouse do not Teach 
or Suggest Each and Every Limitation of the Claimed Invention 

To establish a prima facie case of obviousness, there needs to be (1) some suggestion 
or motivation to modify the reference or to combine reference teachings, (2) a reasonable 
expectation of success, and (3) the prior art references, when combined, must teach or suggest 
all the limitations of the claimed invention. See MPEP §2143 (Aug. 2001). "Both the 
suggestion and the reasonable expectation of success must be founded in the prior art, not in 
the applicant's disclosure." In re Vaeck, 947 F.2d 488, 493 (Fed. Cir. 1991). Applicants 
respectfully assert that the examiner has not met his burden. 

The Examiner has failed to establish a prima facie case of obviousness because the 
combined teachings of Eppstein and Bellhouse do not teach or suggest each and every 
limitation of the claimed invention. Eppstein relates to a method where a surface is prepared 
by microporation for subsequent administration of a therapeutic agent. The method of 
Eppstein involves a two step process. Firstly, a biological membrane is prepared for the 
administration of a therapeutic agent by microporation, and secondly, the biological 
membrane which has been prepared in this way is contacted with a therapeutic agent and 
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permeation enhancer. In contrast, amended claim 1 is directed to a method for enhancing the 
flux or improving the uptake of a therapeutic agent which is administered at the same time 
that microporation takes place. In the claimed method, microporation is carried out at the 
same time as administration of the therapeutic agent. After the therapeutic agent has been 
administered, a transdermal delivery device or an occlusive dressing is positioned over the 
area of skin or mucosa which has been microporated and to which the therapeutic agent has 
(already) been administered. 

The Examples in the specification illustrate the method of claim 1 . Examples 1 and 2 
demonstrate how the flux of insulin administered using a needleless syringe may be enhanced 
using an occlusive dressing, Example 3 demonstrates how the immunogenicity of a 
particulate HBV vaccine composition administered using a needleless syringe may be 
enhanced using an occlusive dressing, and Example 4 demonstrates how the uptake of 
calcitonin administered using a needleless syringe may be enhanced using an occlusive 
dressing. In each of these examples, the therapeutic agent is administered at the same time as 
microporation takes place and the application of an occlusive dressing takes place subsequent 
to administration of the therapeutic agent/microporation. 

3. Eppstein Teaches Away from the Method of Claim 1 

Eppstein arguably teaches away from the claimed invention because Eppstein teaches 
that microporation and the administration of a therapeutic agent are two separate steps that 
must be carried out sequentially. 

Furthermore, the active agents that may be used in the method described by Eppstein 
include polypeptides and vaccines, optionally associated with a carrier. At page 14, line 25, to 
page 15, line 1, in particular, Eppstein refers to the use of carriers which comprise liposomes, 
lipid complexes, microparticles or polyethylene glycol compounds. Although Eppstein refers 
to microparticles, these microparticles are not particles that are intended for use with a 
needleless syringe. Instead, it appears that the microparticles disclosed by Eppstein have a 
lipid or polymer content. Such microparticles would likely not have the necessary strength to 
withstand the forces associated with delivery from a needleless syringe. That is to say, it does 
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not seem that such microparticles would have sufficient structural integrity to withstand being 
fired from a needleless syringe and impacting skin or mucosal tissue at the very high 
velocities that are necessarily associated with administration from a needleless syringe. This 
may be contrasted with the particles used in Example 1 of the present application. Example 1 
describes the use of a particulate insulin formulation prepared using specific steps 
(lyophilisation, compression and milling) so as to ensure that the density of the particles is 
high enough for transdermal/transmucosal delivery at supersonic velocities. There is no 
suggestion in Eppstein that such steps should be taken. Therefore, it does not appear to be 
possible to use the particles in Eptstein with a needleless syringe. By teaching particles that 
are not intended for use with a needleless syringe, Eppstein teaches away fi-om the claimed 
invention. 

4. A Person of Ordinary Skill in the Art Would Not Have Been 

Motivated to Combine the Teachings of Eppstein and Bellhouse 

The Examiner states that a person of ordinary skill in the art would have been 
motivated to combine the teachings of Eppstein and Bellhouse to arrive at the claimed 
invention because Bellhouse teaches that the needleless method is "a safe and quick method 
with less pain and no risk of infection." Applicants respectfully disagree. 

As discussed above, the Examiner has failed to establish a prima facie case of obvious 
because the combination of Eppstein and Bellhouse does not teach each and every limitation 
of the claimed invention. However, assuming arguendo that the combined teachings did 
teach each and every limitation of the claimed invention, a person of ordinary skill in the art 
would not have been motivated to combine the teachings of Eppstein and Bellhouse for the 
reasons discussed below. 

(a) Bellhouse teaches that the disclosed method should not 
be combined with other methods 

Bellhouse teaches that the disclosed method should not be combined with other 
methods. For example. Applicants direct the Examiner's attention to the passage at column 
1, lines 45 to 48 which explains that the needleless syringe is "useful for routine delivery of 
drugs, such as insulin..., and could be of use in mass immunisation programs, or for the 
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delivery of slow release drugs such as pain killers and contraceptives". Thus, Bellhouse 
makes it clear that the needleless syringe it describes is useful merely for the routine delivery 
of drugs and cannot reasonably be expected to be of use in a multi-step drug delivery 
technique, such as the method of claim 1 , in which different drug delivery technologies are 
used to custom tailor drug delivery profiles. Therefore, Bellhouse would not have motivated 
a skilled artisan to combine its teachings with the teachings of Eppstein. 

(b) Eppstein does not teach or suggest the use of particles 
administered via needleless syringe 

Epstein does not teach or suggest the use of particles administered via a needleless 
syringe. The Examiner asserts that Eppstein suggests forming pores using "any" non-invasive 
technique that does not require entry of a needle into the skin or mucosa. The Examiner cites 
page 32, lines 10 to 1 1, to support the proposition. Applicants note that page 32, lines 10 to 
11, defines the term "non-invasive" as "not requiring the entry of a needle, catheter, or other 
invasive instrument into the skin or mucous membrane." However, this portion of the 
Eppstein document does not teach or suggest that "any" non-invasive technique may be 
employed with the described method. In fact, Eppstein only discloses five methods of 
porating a biological membrane, none of which utilize the needleless injection technique 
taught by Bellhouse. Epstein does mention the use of a high pressure jet of fluid, but that 
disclosure occurs in the context of using the fluid itself to hydraulically pimcture the 
biological membrane; this is of course different from using a fluid to propel a particle across 
the biological membrane as would be the case with a needleless syringe. 

Moreover, although five types of poration are referred to in the description of 
Eppstein, in reality, an even smaller number of specific types of poration is supported by the 
Examples of Eppstein, namely the use of a laser, thermal ablation, sonic energy and a 
combination of sonic energy with a chemical enhancer. Yet again, this emphasizes the fact 
that there is simply nothing in Eppstein which teaches or suggests the needleless injection 
technique taught in Bellhouse. 
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(c) 



The references fail to provide a teaching or suggestion that 
the needless delivery method of Bellhouse would enhance 
the permeation of a subsequently administered therapeutic 
agent 



Finally, the Examiner's assertion that one skilled in the art would be motivated to 
combine the two references because Bellhouse teaches that the needleless method is a "safe 
[and] quick method with less pain and no risk of infection" is inapposite. Bellhouse does 
note that the "main advantages which flow from the invention include no needle and less 
pain, no risk of infection, delivery of drugs in natural solid form, quicker and safer to use than 
liquid drug, by syringe and needle and no sharps to dispose of." Bellhouse, col. 1, IL 61-65. 
However, nothing in either of the references suggests that the needless delivery method of 
Bellhouse would enhance the permeation of a subsequently administered therapeutic agent. 
Instead, Bellhouse merely discloses a method of delivering a therapeutic agent. The fact that 
the method is safe and quick, by itself, does not provide a motivation to combine the 
references. Accordingly, the Examiner's rationale does not provide any motivation to 
combine the Bellhouse method with a second method of delivering a therapeutic agent as 
disclosed in Eppstein. 

Since the specification is not obvious over Eppstein in view of Bellhouse, Appellants 
courteously request that the Board reverse the Examiner's rejection of the claims. 

VIII. CONCLUSION 

The Board is respectfully requested to reconsider and reverse the rejections. 



Respectfully submitted. 



Date: March 2. 2006 




FOLEY & LARDNER LLP 



Vid Mohan-Ram 



Washington Harbour 



Registration No. 55,459 
Richard C. Peet 



3000 K Street, N.W., Suite 500 
Washington, D.C. 20007-5109 
Telephone: (202) 672-5483 
Facsimile: (202) 672-5399 



Attorney for Applicant 
Registration No. 35,792 
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CLAIMS APPENDIX 
UNDER 37 C.F.R. § 41.37(c)(l)(viii) 

The following pending claims are on appeal: 

I . A method for administering a therapeutic agent to a predetermined area of skin 
or mucosa of a vertebrate subject, said method comprising: 

(a) accelerating particles into, across or both into and across the area of skin or 
mucosa, wherein the particles are accelerated toward the skin or mucosa using a needleless 
syringe device; and 

(b) topically positioning a first transdermal drug delivery device or a first 
occlusive dressing over the area of skin or mucosa, wherein the particles comprise the 
therapeutic agent. 

3. The method of claim 1, wherein the particles comprise a placebo. 

5. The method of claim 1, wherein step (b) comprises topically positioning the 
first transdermal drug delivery device over the area of skin or mucosa. 

7. The method of claim 1, wherein step (b) comprises topically positioning the 
first occlusive dressing over the area of skin or mucosa. 

I I . The method of claim 1 , wherein the particles comprise an antigen. 

12. The method of claim 1, wherein the particles comprise an adjuvant. 

13. The method of claim 11, wherein the method further comprises a pretreatment 
step to administer an adjuvant to the area of skin or mucosa before step (a). 

14. The method of claim 13, wherein the pretreatment step comprises topically 
positioning a second transdermal delivery device or a second occlusive dressing containing an 
adjuvant over the area of skin or mucosa. 
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15. The method of claim 11, wherein step (b) comprises topically positioning the 
first transdermal drug delivery device or the first occlusive dressing over the area of skin or 
mucosa, and further wherein the first transdermal drug delivery device or first occlusive 
dressing contains an adjuvant. 

16. The method of claim 1, wherein the particles comprise a permeation enhancing 

agent. 

17. The method of claim 5, wherein the first transdermal delivery device is a 
passive transdermal delivery device. 

18. The method of claim 5, wherein the first transdermal delivery device is an 
active transderrnal delivery device. 

20. The method of claim 1, wherein the particles are accelerated toward the skin or 
mucosal tissue at a velocity of about 200 to 3,000 m/sec. 

2 1 . The method of claim 1 , wherein the particles have a diameter predominantly in 
the range of about 0.1 to 250 |im. 

22. The method of claim 1, wherein the particles comprise a biologically active 
protein, a peptide, an oligosaccharide, a polysaccharide or a vaccine composition. 

23. The method of claim 1, wherein step (a) provides for rapid delivery onset from 
the first transdermal delivery device. 

24. The method of claim 5, wherein the particles and the first transdermal delivery 
device comprise the same therapeutic agent. 

25. The method of claim 7, wherein the particles and the first occlusive dressing 
comprise the same therapeutic agent. 

26. The method of claim 4, wherein the placebo comprises particles selected from 
the group consisting of a metal particle and a metal particle coated with a permeation 
enhancing agent. 
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27. The method of claim 9, wherein the placebo comprises particles selected from 
the group consisting of a metal particle and a metal particle coated with a permeation 
enhancing agent. 

28. The method of claim 10, wherein the placebo comprises particles selected 
from the group consisting of a metal particle and a metal particle coated with a permeation 
enhancing agent. 

29. The method of claim 6, wherein the particles comprise a permeation enhancing 

agent. 

30. The method of claim 8, wherein the particles comprise a permeation enhancing 

agent. 

3 1 . The method of claim 1, further comprising before step (a), topically 
positioning over the area of skin or mucosa a second transdermal delivery device or a second 
occlusive dressing. 

32. The method of claim 31, wherein the second transdermal delivery device or 
the second occlusive dressing contains a permeation enhancing agent. 

33. (Withdrawn) A method for administering a therapeutic agent to a 
predetermined area of skin or mucosa of a vertebrate subject, said method comprising 
administering to said area of skin or mucosa (i) particles comprising a therapeutic agent, and 
(ii) placebo particles, wherein said particles, are accelerated into, across or both into and 
across the area of skin or mucosa. 

34. (Withdrawn) The method of claim 33, wherein the particles comprising the 
therapeutic agent and the particles comprising the placebo are administered simultaneously. 

35. (Withdrawn) The method of claim 33, wherein the particles comprising the 
therapeutic agent and the placebo particles are accelerated toward the area of skin or muscosa 
using a needleless syringe device. 
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36. (Withdrawn) The method of claim 35, wherein the particles are accelerated 
toward the area of skin or mucosa at a velocity of about 200 to 3,000 m/sec. 

37. (Withdrawn) The method of claim 33, wherein the particles comprising the 
therapeutic agent have a diameter predominantly in the range of about 0.1 to 250 |am. 

38. (Withdrawn) The method of claim 37, wherein the placebo panicles have a 
diameter predominantly in the range of about 10 |iM to 50 |j.m. 

39. (Withdrawn) The method of claim 33, wherein the placebo particles comprise 
about 1% to about 10% of the particles administered to the area of skin or mucosa. 

40. (Withdrawn) The method of claim 33, wherein the placebo particles comprise 
a particle selected from the group consisting of a metal particle and a metal particle coated 
with a permeation enhancing agent. 



12 



Appln. Serial No. 09/489,088 
Attorney Docket No. 036481-0122 



EVIDENCE APPENDIX 
UNDER 37 C.F.R. § 41.37(c)(l)(ix) 

In further response to the Notice, Appellants additionally append copies of the 
following evidence that was introduced and entered into the record during prosecution: 

1 . WO 98/291 34, cited by the Examiner in the Office Action dated March 
22, 2004, at page 3, subsection 3. 

2. U.S. Patent No. 5,630,796, cited by the Examiner in the Office Action 
dated August 8, 2000, at page 4, subsection 7. 
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RELATED PROCEEDINGS APPENDIX 
UNDER 37 C.F.R. § 41.37(c)(l)(x) 

Neither the appellant, appellant's legal representative, or their assignee is aware of any 
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MICROPORATION OF TISSUE FOR DELIVERY OF BIOACTIVE AGENTS 

BACKGROUNfD OF THE I>fVENTION 
This invention relates generally to the field of transmembrane delivery of drugs or 
bioactive molecules to an organism. More particularly, this invention relates to a minimally 
invasive to non-invasive method of increasing the permeability of the skin, mucosal memtn:ane 
or outer layer of a plant through microporation of this biological membrane, which can be 
combined with sonic, electromagnetic, and thermal energy, chemical permeation enhancers, 
pressure, and the like for selectively enhancing flux rate of bioactive molecules into the organism 
and, once in the organism, into selected regions of the tissues therein. 

The stratum comeum is chiefly responsible for the well known barrier properties of skin. 
Thus, it is this layer that presents the greatest Ijarrier to transdermal flux of drugs or oflier 
molecules into tbe body and of analytes out of the body. The stratum comeum, the outer homy 
layer of the skin, is a complex structure of compact keratinized cell remnants separated by lipid 
domains. Compared to the oral or gastric mucosa, the stratum comeum is much less permeable 
to molecules either external or internal to the body. The stratum comeum is formed fix>m 
keratinocytes, which comprise the majority of epidermal ceUs, that lose their nuclei and become 
comeocytes. These dead cells comprise the stratum comeum, which has a thickness of only 
about 10-30 jun and, as noted above, is a very resistant waterproof membrane that protects flie 
body fixim invasion by exterior substances and the outward migration of fluids and dissolved 
molecules. The stratum comeum is continuously renewed by shedding of comeum cells during 
desquamination and the formation of new comeum cells by the keratinization process. 

Underlying the stratum comeum is the viable cell layer of the epidermis and the dermis, 
or connective tissue layer. These layers together make up the skin. Microporation of these 
underiying layers (tbe viable cell layer and dermis) has not previously been used but may 
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enhance transdermal flux. Deep to the dermis are the imderlying structures of the body, 
including fat, muscle, bone, etc, 

Microporation of the mucous membrane has not been used previously. The mucous 
membrane generally lacks a stratum comeiun. The most superficial layer is the epithelial layer 
which consists of nimierous layers of viable cells. De^ to the epithelial layer is the lamina 
propria, or connective tissue layer. 

Microporation of plants has been previously limited to select applications in individual 
cells in laboratory settings. Plant organisms generally have toug^ outer layers to provide 
resistance to the elements and disease. Microporation of this tough outer layer of plants enables 
the delivery of substances useful for introduction into the plant such as for conferring the desired 
trait to the plant or for pnxxhiction of a desired substance. For example, a plant may be treated 
such that each cell of the plant expresses a pardcular and useful pq)tide such as a hormone or 
human insulin. 

The flux of a drug or analyte across the biological membrane can be increased by 
changing either the resistance (the diffusion coefficient) or the driving force (the gradient for 
diffusion). Flux may be enhanced by the use of so-called penetration or chemical enhancers. 
Chemical enhancers are well known in the art and a more detailed description will follow. 

Another method of increasing the permeability of skin to drugs is iontophoresis. 
Iontophoresis involves the application of an external electric field and topical delivery of an 
ionized form of drug or an xm-ionized drug carried with the water flux associated with ion 
transport (electro-osmosis). While permeation enhancement with iontophoresis has been 
effective, control of drug delivery and irreversible skin damage are problems associated with the 
technique. 

Sonic energy has also been used to enhance permeability of the skin and synthetic 
membranes to drugs and other molecules. Ultrasound has been defined as mechanical pressure 

SUBSTITUTE SHEET (RULE 26) 



wo 98/29134 PCT/DS97/24127 

3 

waves with frequencies above 20 kHz, H. Lutz et al.. Manual of UltrasoiiDd 3-12 (1984). Sonic 
energy is generated by vibratiiig a piezoelectric crystal or other electromechanical element by 
passing an alternating current through the material, RL Brucks et al., 6 Pharm. Res, 697 (1989). 
The use of sonic energy to increase the permeability of the skin to drug molecules has been 
termed sonophoresis or phonophoresis. 

Although it has been acknowledged that enhancing permeability of the skin should 
theoretically make it possible to transport molecules from inside the body through the skin to 
outside the body for collection or monitoring, practicable methods have not been disclosed U.S. 
Patent No. 5,139,023 to Stanley et al. discloses an apparatus and method for noninvasive blood 
glucose monitoring. In this invention, chemical permeation enhancers are used to increase the 
permeability of mucosal tissue or skin to glucose. Glucose then passively diffuses through the 
mucosal tissue or skin and is cs^tured in a receiving medium. The amount of glucose in the 
receiving medium is measured and correlated to determine the blood glucose level. However, as 
taught in Stanley et al., this method is much more efficient when used on mucosal tissue, such as 
buccal tissue, which results in detectable amoimts of glucose being collected in the receiving 
medium after a lag time of about 10-20 minutes. However, the method tau^t by Stanley et al. 
results in an extremely long lag time, ranging from 2 to 24 hours depmding on the chemical 
enhancer composition used, before detectable amounts of glucose can be detected dififusing 
through human skin (heat-separated epidermis) in vitro. These long lag times may be attributed 
to the length of time required for the chemical permeation enhancers to passively dlfiuse through 
the skin and to enhance the permeability of the barrier stratum comeum, as well as the length of 
time required for the glucose to passively diffiise out through the skin. Thus, Stanley et al. 
clearly does not teach a method for transporting blood glucose or other analytes non-invasively 
through the skin in a manner that allows for rapid monitoring, as is required for blood glucose 
monitoring of diabetic patients and for many other body anal3^es such as blood electrolytes. 
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While the use of sonic energy for drug delivery is known, results have been largely 
disappointing in that enhancement of permeability has been relatively low. There is no 
consensus on the efficacy of sonic energy for increasing drug flux across the skm While some 
studies report the success of sonophoresis, J. Davick et al., 68 Phvs. Then 1672 (1988); J. Griffin 

5 et al., 47 Phvs. Then 594 (1 967); J. Griffin & J. Touchstone, 42 Am. J. Phvs. Med. 77 (1 963); J. 
Griffin et al., 44 Am. J. Phvs. Med. 20 (1 965); D. Levy et al., 83 J. Clin. Invest. 2074); D. 
Bommannan et al., 9 Phaim. Res. 559(1 992), others have obtained negative results, H. Benson et 
al., 69 Phvs. Ther. 1 13 (1988); J. McEhiay et al., 20 Br. J. Clin. Pharmacol. 4221 (1985); H. 
Pratzcl et al., 13 J. Rheumatol. 1 122 (1986). Systems in which rodent skin were employed 

10 showed the most promising results, whereas systems in which human skin was employed have 

generally shown disappointing results. It is well known to those skilled in the art that rodent skin 
is much more permeable than himian skiru and corisequently the above results 
skilled in the art how to effectively utilize sonophoresis as applied to transdermal delivery and/or 
monitoring through human skin. 

15 A significant in^jrovement in the use of ultrasonic energy in the monitoring of analytes 

and also in the delivery of drugs to the body is disclosed and claimed in copending applications 
Serial No. 08/152,442 filed November 15, 1993, now U.S. Patent No. 5,458,140, and Serial No. 
08/152,174 filed December 8, 1993, now U.S. Patent No, 5,445,61 1, both of which are 
incorporated herein by reference. In these inventions, the transdermal sampling of an analyte or 

20 the transderriialdeUvcryofdrugs, is accori^^lishedthrougji the use of soriic energy 

modulated in intensity, phase, or frequency or a combination of these parameters coupled vdth 
the use of chemical permeation enhancers. Also disclosed is the use of sonic energy, optionally 
with modulations of frequency, intensity, and/or phase, to controllably push and/or pump 
molecules through the stratum comeiun via perforations introduced by needle puncture, hydraulic 

25 jet, laser, electroporation, or other methods, 
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The fonnation of micropores (i.e. microporation) in the stratum comeum to enhance the 
delivery of drugs has been the subject of various studies and has resulted in the issuance of 
patents for such techniques, 

Jacques et al., «R J. Tnvest. DermatoL 88-93 (1987), leaches a method of administering a 

5 drug by ablating the stratum comeum of a region of the skin using pulsed laser li^t of 

wavelength, pulse length, pulse energy, pulse number, and pulse repetition rate suiHcient to 
ablate the stratum comeum without significantly damaging the underlying epidermis and then 
applying the drug to the region of ablation. This work resulted in the issuance of U.S. Patmt 
4,775,361 to Jacques et al. The ablation of skin through the use of \iltraviolet-laser irradiation 

10 was earlier reported by Lane et al., 121 Areh. Dennatol. 609-617 (1985). Jacques et al. is 
restricted to use of few wavelengths of ligjit and expensive lasers. 

Tankovich, U.S. Patent No, 5,165,418 (hereinafter, "Tankovich '418"), discloses a 
method of obtaining a blood sample by irradiating human or animal skin with one or more laso- 
pulses of sufficient energy to cause the vaporization of skin tissue so as to produce a hole in the 

15 skin extending through the epidemiis and to sever at least one blood vessel, causing a quantity of 
blood to be expelled through the hole such that it can be coUectcd. Tankovich '418 thus is 
inadequate for noninvasive or minimally invasive permeabilization of the stratum comeum such 
that a drug can be delivered to the body or an analyte from the body can be analyzed. 

Tankovich et al., U.S. Patent No. 5,423,803 (hereinafter, "Tankovich '803") discloses a 

20 method of laser removal of superficial epidemial skin cells in human skin for cosmetic 

appUcations. The method comprises applying a light-absorbing "contaminant" to the outer layers 
of the epidermis and forcing some of this contaminant into or through the intercellular spaces in 
the stratum comeum, and illuminating the infiltrated skin with pulses of laser light of sufficient 
intensity that the amount of energy absorbed by the contaminant will cause the contaminant to 

25 explode with sufficient energy to tear off some of the epidermal skin cells. Tankovich '803 
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further teaches that there should be high absorption of enCTgy by the contaminant at the 
wavelength of the laser beam, that the laser beam must be a pulsed beam of less than 1 \is 
duration, that the contaminant must be forced into or through the upper layers of the epidermis^ 
and that the contaminant must explode with sufficient energy to tear off epidermal cells upon 
absorption of the laser energy. This invention also fails to disclose or suggest a method of drug 
delivery or analyte collection. 

Raven et al., WO 92/00106, describes a method of selectively removing unhealthy tissue 
from a body by administering to a selected tissue a compound that is big^y absorbent of infrared 
radiation of wavelength 750-860 nm and irradiating the region with corresponding infrared 
radiation at a power sufficient to cause thermal vaporization of the tissue to which the compound 
was administered but insufficient to cause vaporization of tissue to which the compound had not 
been administered. The absorbent con]|)oimd shoiild be soluble in water or seruin, such as 
indocyanine green, chlorophyll, porphyrins, heme-containing compounds, or compounds 
containing a polyene structure, and power levels are in the range of 50-1000 W/cm^ or even 
higher. 

Konig et al., DD 259351, teaches a process for thermal treatment of tumor tissue that 
comprises depositing a medium in the tumor tissue that absorbs radiation in the red and/or near 
red infrared spectral region, and irradiating the infiltrated tissue with an appropriate wavelengtfi 
of laser li^L Absorbing media can include methylene blue, reduced porphyrin or its aggregates, 
and phthalocyanine blue. Methylene blue, vAnch strongly absorbs at 600-700 nm, and a krypton 
laser emitting at 647 and 676 nm are exemplified. The power level should be at least 200 
mW/cm^. 

It has been shown that by stripping the stratum comeum from a small area of the skin 
with repeated application and removal of cellophane t^e to the same location one can easily 
collect arbitrary quantities of interstitial fluid, which can then be assayed for a nimiber of analytes 
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of interest Similarly, the tape-stripped' skin has also been shown to be permeable to the 
transdermal delivery of compounds into the body. Unfortunately, tape-stripping' leaves a open 
sore which takes weeks to heal, and for this, as well as other reasons, is not considered as an 
acceptable practice for enhancing transcutaneous transport in wide applications. 

As discussed above, it has been shown that pulsed lasers, such as the excimer laser 
op^ting at 193 nm, the erbiimi laser operating near 2.9 ^un or the CO2 laser operating at 10.2 
pm, can be used to effectively ablate small holes in the human stratum comeum. These laser 
ablation techniques offer the potential for a selective and potentially non-traumatic method for 
opening a delivery and/or sampling hole through the stratum comeum. However, due to ttie 
prohibitively high costs associated with these light sources, there have been no commercial 
products developed based on this concept The presently disclosed invention, by defining a 
method for directly conducting thermal energy into or through the biological membrane with 
very ti^tly defined spatial iEmd temporal resolution, makes it possible to produce the desired 
micro-ablation of the biological membrane very low cost energy sources. 

In view of the foregoing problems and/or deficiencies, die development of a method for 
safely enhancing the permeability of the biological membrane for minim ally invasive or 
noninvasive monitoring of body analytes in a more rs^id time fiame would be a significant 
advancement in the art It woidd be another significant advancement in the art to provide a 
method of minimally invasively or non-invasively enhancing the transmembrane flux rate of a 
drug into a selected area of an organism. 

Significant advancements in the delivery of dmgs and other compounds are being made 
through the use of various techniques that increase the permeability of a biological membrane, 
such as the skin or mucosal membrane. Even more promising advances have been made tbrou^ 
techniques for creating micropores, as disclosed in the aforemendoned applications. 



SUBSTITUTE SHEET (RULE 26) 



wo 98/29134 PCTrtJS97A24127 

8 

Nevertheless, it is desirable to improve upon these technologies by forming micropores at 
selected depths in the biological membrane and to deliver both small and large compounds, in 
terais of molecular weight and size, through the micropores into the body. 



5 
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BRIEF SUMMARY OF THE INVENTION 

This invention provides a method for enhancing the transmembrane flux rate of a 
permeant into a selected site of an organism conq)rising the steps of enhancing the permeability 
of said selected site of the organism to said permeant by means of (a) porating a biological 
membrane at said selected site by means that form a micropore in said biological membrane, 
thereby reducing the barrier properties of said biological membrane to the flux of said permeant 
and (b) contacting the porated selected site with a composition con^rising an effective amomit of 
said pemieant, whereby the transmembrane flux rate of said permeant into the organism is 
enhanced. 

This invention further provides the method of enhancing the transmembrane flux rate 
further comprising applying to said site of said organism an enhancer to increase the flux of said 
permeant into said organism. The invention also provides the method herein said enhancer 
comprises sonic energy, and more specifically, wherein the said sonic energy is ai>plied to said 
site at a fi^quency in the range of about lOHzto 1000 MHz, and wherein said sonic energy is 
modulated by means of a member selected fix)m the group consisting of frequency modulation, 
amplitude modulation, phase modulation, and combinations thereof Alternatively, the said 
enhancer comprises an electromagnetic field, and, more specifically, iontophoresis or a niagnetic 
field,, or a mechanical force, chcnaical enhancer, or thermal enhancer. Additionally, the 
invention further provides a method wherein any of the methods of sonic, electromagnetic, 
mechanical, thcnnal, or chemical enhancement may be applied in any combination thereof to 
increase the transmembrane flux rate of said permeant into or through said micropore. 
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TTus invention also provides a meth(Mi of further enhancing the transmembr^^ 
with an enhancer, wherein said enhancers at said site are applied so as to increase the flux rate of 
the permeant into tissues surrounding the micropore. The said enhancer can comprise sonic 
energy. Furthermore, the said sonic energy is applied to said site at a frequency in the range of 
about lOHz to 1 OOO MHz, wherein said sonic energy is modulated by means of a member 
selected from the group consisting of frequency modulation, amplitiide modulation, phase 
modulation, and combinations thereof. Alternatively, the said enhancer comprises sonic or 
thermal energy, electroporation, iontophoresis, chemical enhancers, mechanical force, or a 
magnetic field, or any combination thereof. 

The invention further includes the method of enhancing the transmembrane flux rate of a 
permeant further comprising applying to said site of said organism an enhancer, wherein any of 
the methods of methods of sonic or thermal energy, electropoiation, iontophoresis, chemical 
enhancers, mechanical force, or a magnetic field may be appUed m any combination thereof 
further comprising the method of combining sonic or tiiermal energy, electroporation, 

iontophoresis, chemical enhancers, mechanical force, or a magnetic field to increase the flux rate 
of the permeant into tissues surrounding the micropore. 

The invention also includes the method of fiirther enhancing the tranmembrane flux rate 
within and beneath the outer layer wherein said porating of said biological membrane in said site 
is accomplished by means selected from the group consisting of (a) ablating the biological 
membrane by contacting said site, up to about 1000 jim across, of said biological membrane with 
a heat sovice such that a micropore is formed in said biological membrane at said site; (b) 
puncturing said biological membrane with a micro-lancet caUbrated to fonn a micropore of up to 
about 1000 ^un in diameter, (c) ablating the biological membrane by a beam of sonic energy onto 
said biological membrane up to about 1000 m in diameter; (d) hydraulically puncttmng said 
25 biological membrane with a high pressure jet of fluid to fonn a micropore of up to about 1000 
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jun in diameter and (e) puncturing said biological membrane with short pulses of electricity to 
form a micropore of up to about 1000 jun in diameter. Further, the invention includes the 
method wherein said porating is accompUshed by contacting said site, up to about 1000 jim 
across, with a heat soun^e to conductively transfer an effective amount of themial energy to said 
site such that the temperature of some of the water and other vaporizable substances in said site 
is elevated above their vaporization point creating a micropore to a selected depth in the 
biological membrane at said site or wherein said porating is accomplished by contacting said site, 
up to about 1000 iim across, with a heat source to conductively transfer an effective amount of 
thermal energy to said site such that the temperature of some of the tissue at said site is elevated 
to the point where thermal decomposition occurs creating a micropore to a selected depth in the 
biological membrane at said site. Additionally, the invention includes the method of porating 
said biological membrane in said site further comprising treatiiig at least said site with an 
effective amount of a substance tiiat exhibits sufiBcient absorption over the emission range of a 
pulsed Ught source and focusing the output of a series of pulses ftom said pulsed Ught source 
onto said substance such tiiat said substance is heated sufBcientiy to conductively transfer an 
effective amount of thermal energy to said biological membrane to elevate the temperature to 
thereby create a micropore. The invention also includes the method wherein said pulsed Ught 
source emits at a wavelength that is not significantiy absori»d by said biological membrane. 
TTie invention further provides the method wherein said pulsed Ught source is a laser diode 
emitting in the range of about 630 to 1 550 nm. wherein said pulsed Ught source is a laser diode 
pumped optical parametric oscillator emitting in the range of about 700 and 3000 nm. wherein 
said pulsed light source is a member selected from the group consisting of arc lamps, 
incandescent lamps, and U^t emitting diodes. The invention also includes the method further 
comprising providing a sensing system for determining when the micropore in the biological 
membrane has reached the desired dimensions, including width, length, and depth, and, further. 
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wherein said sensing system comprises light collection means for receiving light reflected from 
said site and focusing said reflected ligjbt on a detector for receiving said light and sending a 
signal to a controller wherein said signal indicates a quality of said light, and a controller coupled 
to said detector and to said light source for receiving said signal and for shutting off said light 
source when a preselected signal is received, or, alteniativcly, an electrical impedance measuring 
system which can detect the changes in the impedance of the biological membrane at different 
depths into the organism as the micropore is formed. 

The invention also provides the method of enhancing the tranmembrane flux rate within 
and beneath the outer layer further comprising cooling said site and adjacent tissues such that 
said site and adjacent tissues are in a cooled condition. The said cooling means comprises a 
Peltier device. 

The invention also includes the method of enhancing the transmembrane flux within and 
beneaSi the outer layer further comprising, prior to porating said site , illuminatmg at least said 
site with light such that said site is sterilized. 

This invention also includes the method of enhancing the transmembrane flux within and 
beneath the outer layer further comprising contacting said site with a solid element, wherein said 
solid element functions as a heat source to conductively transfer an effective amount of thennal 
energy to said biological membrane to elevate the tcn^>crature to thereby create a micropore. 
Further, said heat source is constructed to modulate the temperature of said site to greater than 
IWC within about 10 nanoseconds to 50 milliseconds and then returning the temperature of 
said site to approximately ambient temperature within about 1 millisecond to 50 milliseconds 
and wherein a cycle of raising the temperature and returning to ainbient temperature is repeated 
one or more times effective for porating the biological membrane to the desired depth. The 
invention further includes the method of using a heat source 
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wherein said retuming to approximately ambient temperature of said site is carried out by 
withdrawing said heat source fix)m contact with said site and wherein the modulation parameters 
are selected to reduce sensation to the animal subject. 

The invention includes the method for enhancing transmembrane flux rates using a heat 

5 source and sensing system further comprising providing means for monitoring electrical 

impedance between said solid element and said organism through said site and adjacent tissues 
and means for advancing the position of said solid element such that as said poration occurs with 
a concomitant change in impedance, said advancing means advances the solid element such that 
the solid element is in contact with said site during heating of the solid element, xmtil the selected 

10 impedance is obtained. Further, the invention includes this method fiirther comprising means f^^ 
withdrawing said solid element fix>m contact with said site wherein said monitoring means is 
enable of detecting a change in impedance associated with contacting a selected layer 
underlying the surface of said site and sending a signal to said withdrawmg means to withdrawn 
said solid element from contact with said site. 

15 The method of enhancing the transmembrane flux rate using a solid element wherein said 

solid clement is heated by delivering an electrical current througji an ohmic heating element and, 
further, wherein said solid element is formed such that it conlams an electrically conductive 
component and the temperature of said solid element is modulated by passing a modulated 
electrical current through said conductive element Additionally, the invention includes the 

20 method wherein said solid element is positioned in a modulatable magnetic field wherem 
energizing the magnetic field produces electrical eddy currents suiRBcicnt to heat the solid 
element 

The invention also includes the method of enhancing the transmembrane flux rate 
wherein said porating is accomplished by puncturing said site with a micro-lancet calibrated to 
25 form a micropore of up to about 1 000 jmi in diameter, by a beam of sonic energy directed onto 
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said site to form a micropore of up to about 1000 \im in diameter, by hydraulically puncturing 
said biological membrane with a high pressure jet of fluid to form a micropore of up to about 
1000 \im in diameter, or, alternatively, by pxmcturing said biological membrane with short pulses 
of electricity to form a micropore of up to about 1000 jirii in diameter. 

The invention further comprises the method of enhancing the transmembrane flux rate of 
a permeant wherein said permeant comprises a nucleic acid. More specifically, the invention 
includes the method wherein said nucleic acid comprises DNA or ^^erein the nucleic acid 
comprises RNA. 

The invention further includes the method of enhancing the transmembrane flux rate of a 
permeant wherein the micropore in the biological membrane extends into a portion of the out^ 
layer of the biological membrane ranging fixjm 1 to 30 microns in depth, extends through flie 
outer layer of the biological membrane ranging firon 10 to 200 microns in depth, extends into the 
connective tissue layer of the biological membrane ranging from 100 to 5000 microns in depth, 
or extends through the connective tissue layer of the biological membrane ranging firom 1000 to 
1 0000 microns in depth. 

The invention further includes the method of enhancing the transmembrane flux rate of a 
pemieant, wherein the micropore pCTCtrates the biological membrane to a depth determined to 
fecilitate desired activity of the selected permeant 

The invention further includes the method of enhancing the transmembrane flux rate of a 
permeant wherein the permeant comprises a polypeptide, including wherein the polypeptide is a 
protem or a peptide, and further including wherem the peptide comprises insulm or a releasing 
factor, a carbohydrate, including wherein the carbohydrate comprises a hqjarin; an analgesic, 
including wherein the analgesic comprises an opiate; a vaccine; or a steroid. 

The invention further includes the method of enhancing the transmembrane flux rate of a 
permeant v^iierein the permeant is associated with a carrier. The invention further includes the 
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method wherein the earner comprises liposomes; lipid complexes; microparticles; or 
polyethylene glycol compoimds. More specifically, the invention further includes the method 
wherein the permeant is a vaccine in combination with the method wherein the penneant is 
associated with a carrier. 

The invention further includes the method of enhancing the transmembrane flux rate of a 
permeant wherein the permeant comprises a substance which has the ability to change its 
detectable response to a stimulus when in the proximity of an analyte present in the organism. 

An object of the inyration is to provide a method for controlling transmembrane flux 
rates of drugs or other molecules into the body and, if desired, into the bloodstream througji 
minute perforations in the biological membrane, including stratum comeum or other layers of the 
skin or in the mucosa or outer layers of a planL 

It is still another object of the invention s provide a mefliod of delivering drugs into flie 
body through micropores m the biological membrane in combination with sonic energy, 
penneation enhancers, pressure gradients, electromagnetic energy, thermal energy, and the like. 

An object of the invention is to minimize the barrio: properties of the biological 
membrane using poration to controllably collect analytes fiom within the body througji 
perforations in the biological membrane to raiable the monitoring of these analytes. 

It is also an object of the invention to provide a method of monitoring selected analytes in 
the body through micropores in the biological membrane in combination with sonic energy, 
permeation enhancers, pressure gradients, electromagnetic energy, mechanical energy, thermal 
energy, and the like. 

These and other objects may be accomplished by providing a method for monitoring the 
concentration of an analyte in an individual's body comprising the st^s of enhancing the 
permeabiUty of the biological membrane of a selected area of the mdividual's body surface to the 
analyte by means of 
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(a) porating the biological membrane of the selected area by means that form a micropore in 
the biological membrane optionally without causing serious damage to the imderlying tissues, 
thereby reducing the barrier properties of the biological membrane to the withdrawal of the 
analyte; 

(b) collecting a selected amoimt of the analyte; and 

(c) quantitating the analyte collected. 

In one preferred embodiment, the method further comprises applying sonic energy to the 
porated selected area at a frequency in the range of about 5 kHz to 100 MHz, wherein the sonic 
energy is modulated by means of a member selected from the group consisting of frequency 
modulation, amplitude modulation, phase modulation, and combinations thereof. In another 
preferred embodiment, the method comprises contacting the selected area of the individual's 
body with a chemical enhancer with the application of electromagnetic, thermal, mechanical, or 
sonic energy to further enhance analyte withdrawal. 

Porating of the biological membrane is accomplished by means selected from the group 
consisting of (a) ablating the biological membrane by contacting a selected area, up to about 
1000 pm across, of the biological membrane with a heat source such that the temperature of 
tissue-bound water and other vaporizable substances in the selected area is elevated above the 
v^rization point of the water and other v^rizable substances tiiereby removing the biological 
membrane in the selected area; (b) puncturing the biological membrane with a micro-lancet 
calibrated to form a micropore of up to about 1 000 ^m in diameter, (c) ablating the biological 
membrane by focusing a tightly focused beam of sonic energy onto the stratum comeum; (d) 
hydraulically pxmcturing the biological membrane with a high pressure jet of fluid to form a 
micropore of up to about 1000 ^mi in diameter and (e) puncturing the biological membrane with 
short pulses of electricity to form a micropore of up to about 1000 \im in diameter. 
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One preferred embodiment of thermally ablating the biological membrane comprises 
treating at least the selected area with an effective amount of a dye that exhibits strong absorption 
over the emission range of a pulsed light source and focusing the output of a series of pulses 
fiom the pulsed light source onto the dye such that the dye is heated sufficiently to conductively 

5 transfer heat to the stratum comeum to elevate the temperature of tissue-bound water and othesr 
vaporizable substances in the selected area above the vaporization point of the water and other 
vaporizable substances. Preferably, the pulsed light source emits at a wavelength that is not 
significantly absorbed by skin. For example, the pulsed li^t source can be a laser diode emitting 
in the range of about 630 to 1550 nm, a laser diode pumped optical parametric oscillator emitting 

10 in the range of about 700 and 3000 ran, or a member selected fi^om the group consisting of arc 
lamps, incandescent lamps, and Ught emitting diodes. A sensing system for detennining when 
the bairier propoties of the stratum comeum have been surmounted can also be provided. One 
prefened sensing system comprises Ught coUection means for receiving light reflected from Ae 

selected area and focusing die reflected Ught on a photodiodc. a photodiode for receiving the 
15 focused Ught and sending a signal to a controUer wherein the signal indicates a quaUty of the 
reflected U^t, and a controUer coupled to the photodiode and to the pulsed ligjit source for 
receiving the signal and for shutting off the pulsed li^t source yvhea a preselected signal is 
received. 

In another prefened embodiment, the method further comprises cooUng the selected area 
20 of biological membrane and adjacent tissues with cooling means such that said selected area and 
adjacent tissues are in a selected cooled, steady state, condition prior to, during, and/or after 
poration. 

hi still another preferred embodiment, the method comprises ablating the biological 
membrane such that interstitial fluid exudes from the micropores, cpUecting the interstitial fluid, 
25 and analyzing the analyte in the collected interstitial fluid. After the interstitial fluid is coUected, 
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the micropore can be sealed by applying an effective amount of energy fiom the laser diode or 
other light source such that interstitial fluid remaining in the micropore is caused to coagulate. 
Preferably, vacuum is applied to the porated selected area to enhance collection of interstitial 
fluid 

5 In yet another preferred embodiment, the method comprises, prior to porating the 

biological membrane, illuminating at least tiie selected area with light such that die selected area 
illuminated with the light is sterilized- 

Another preferred method of porating the biological membrane comprises contacting the 
selected area with a solid element such that the temperature of the selected area is raised from 

10 ambient temperature to greater than lOO'C within about 10 nanoseconds to 50 ms and tfien 

returning the temperature of the selected area to ^proximately ambient skin temperature within 
about 1 to 50 ms, wherein this cycle of raising the temperature and retummg to ^proximately 
ambient temperature is repealed a number of time effective for reducing the barrier properties of 
the biological membrane. Preferably, the step of returning to approximately ambient ten^raturc 

1 5 is carried out by withdrawing the solid element from contact with the biological membrane. It is 
also preferred to provide means for monitoring electrical impedance between the solid elemfflt 
and the body through the selected area of biological membrane and adjacent tissues and means 
for advancing die position of the solid element such that as the ablation occurs with a 
concomitant reduction in resistance, the advancing means advances the solid clement such that 

20 the solid element is in contact with the biological membrane during heating of the solid element 
Further, it is also preferred to provide means for withdrawing the solid element from contact with 
the biological membrane, wherein the monitoring means is capable of detecting a change in 
impedance associated with contacting a layer underlying the biological membrane or a layer 
thereof and sending a signal to tiie withdrawing'means to withdrawn the solid element from 

25 contact witii the biological membrane. The solid element can be heated by an ohmic heating 
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element, can have a current loop having a high resistance point wherein the temperature of the 
high resistance point is modulated by passing a modulated electrical current through said current 
loop to effect the heating, or can be positioned in a modulatable alternating magnetic field of an 
excitation coil such that energizing the excitation coil with alternating current produces eddy 
5 currents sufficient to heat the solid element by internal ohmic losses. 

A method for enhancing the transmembrane flux rate of an active penneant into a 
selected area of a body comprising the steps of enhancing the permeabUity of the biological 
membrane layer of the 'selected area of the body surfiace to the active 

(a) porating the biological membrane of the selected area by means that form a micropore 
10 in the biological membrane optionally without causing serious damage to the underiying tissues 

and thereby reducing the barriCT pvopcrdes of the biological membrane to the flux of the active 
pormeant; and 

(b) contacting the porated selected area with a composition comprising an effective 
amount of the penneant such that the flux of the permieant into the body is enhanced. 

15 In a preferred embodunent, the method further comprises flying energy to the porated 

selected area for a time and at an intensity and a fi:equency effective to create a fluid streaming 
effect and thereby enhance the transmembrane flux rate of the permeant into the body. 

A method is also provided for applying a tattoo to a selected area of skin on an 
individual's body surface comprising the steps oft 

20 (a) porating the stratum comeum of the selected area by means that form a micropore 

in the stratum comeum optionally without causing serious damage to the underlying tissues and 
thereby reduce the barrier properties of the stratum comeum to the flux of a permeant; and 
(b) contacting the porated selected area with a composition comprismg an eflfective 
amount of a tattooing ink as a peimeant such that the flux of said ink into the body is enhanced. 
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A method is still further provided for reducing a temporal delay in diffusion of an analyte 
fiom blood of an individual to said individual's interstitial fluid in a selected area of biological 
membrane comprising applying means for cooling to said selected area of skin. 

A method is yet further provided for reducing evaporaUon of interstitial fluid and 

5 vapor pressure thereof, wherein said interstitial fluid is being collected from a micropore in a 
selected area of the biological membrane of an individual, comprising applying means for 
cooling to said selected area of biological menrfjrane. 

In accordance isath stiU further embodiments, ^^A^^^^ 
method for delivering bioactive agents into the body through micropores formed at selected 

10 depths in a biological membrane, such as the skin or mucous membrane or outer layer of a plant 
The method involves poiating an outer layer of the biological membrane through any of the 
poration techniques known in tihc art, but to a sufficient and desired depth into or through the 
biological membrane, and contacting the porated site with an effective quantity of the bioactive 
agent of low or high molecular weight and size. This process can be enhanced by ^plying 

15 further penneation enhancement measures either before, during or after the bioactive agent is 

delivered. For exanq)le, sonic energy, iontophoresis, magnetic fields, electroporation, chemical 
penneation enhancer, osmotic pressure and atmosphmc pressure measures may be applied to the 
porated site to enhance the penneabUity of layers beneath the outer layer of the biological 
membrane. 

20 i 

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWINGS 

FIG. 1 shows a schematic representation of a system for delivering laser diode light and 
monitoring the progress of poratiorL 

FIG. 2 shows a schematic representation of a closed-loop feedback system for monitoring 

25 poratioiL 
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FIG. 3 A shows a schematic rqpresentation of an optical poration system com|nisijig a 
cooling device. 

FIG. 3B shows a top view of a schematic representation of an illustrative cooling device 
according to FIG. 3B. 

5 FIG. 4 shows a schematic rqjresentation of an ohmic heating device with a mechanical 

actuator. 

FIG. 5 shows a schematic representation of a high resistance current loop heating device. 
FIG. 6 shows a schematic representation of a dejace for modulating heating using 
inductive heating. 

10 FIG. 7 shows; a schematic representation of a closed loop impedance monitor using 

changes in impedance to determine the extent of poration. 

FIGS. 8 A-D show cross sections of human skin treated with copp^ phtfaalocyanine and 

then subjected, respectively, to 0, 1, 5, and 50 pulses of 810 nm Kgjit with an energy de^ 

4000 J/cm^ for a pulse period of 20 ms. 
15 FIGS, 9-11 show graphic representations of temperature distribution during simulated 

thermal poration events using optical poration. 

FIGS. 12 and 13 show graphic representations of ten:5)erature as a function of time in the 

stratum comemn and viable epidemiis, respectively, during simulated thermal poration events 

using optical poration. 

20 FIGS. 14-16 show graphic representations of temperature distribution, temperature as a 

function of time in the stratum comeum, and temperature as a function of time in the viable 
epidermis, respectively, during simulated thermal poration events using optical poration wherein 
the tissue was cooled prior to poration. 

FIGS. 17-19 show graphic representations of temperature distribution, temperature as a 

25 function of time in the stratum comeum, and temperature as a function of time in the viable 
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epidermis, respectively, during simulated thermal poration events wherein the tissue was heated 
with a hot wire. 

FIGS- 20-22 show graphic representations of temperature distribution, temperature as a 
function of time in tiie stratum comeum, and temperature as a function of time in tiie viable 
5 epidermis, respectively, during simulated thennal poration events where^ 
with a hot wire and the tissue was cooled prior to poration. 

FIGS. 23 and 24 show graphic representations of temperature distribution and 
tempemture as a function of time in the stratum comeum, respectively, during simulated themial 
poration events wherein the tissue is heated optically according to the operating parameters of 

10 Tankovich 'SOS. 

HG. 25 shows a gr^hic representation of interstitial fluid (ISP; ) and blood (*) glucose 

levels as a function of time. 

no. 26 shows a scatter plot representation of the difFCTence term between the ISF glucose 

andtheblood glucosedata of FIG. 25. ^ 
15 FIG. 27 shows a histogram of the relative deviation of the ISF to the blood gjuoose levels 

fit)mFIG.25, 

FIG. 28 shows a cross section of an illustrative delivery apparatus for deliverii* a drug to 
a selected area on an individual's skin. 

FIGS. 29A-C show gr^hic representations of areas of skin affected by delivay of 
20 lidocaine to selected areas where the stratum comeum is porated (FIGS. 29A-B) or not porated 
(nG.29C). 

FIG. 30 shows a plot comparing the amount of intCTstitial fluid harvested from 
micropores witii suction alone ( ) and with a combination of suction and ultrasound (*). 
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FIGS, 3 1 , 32, and 33 show a perspective view of an ultrasonic transducer/vacuum 
apparatus for harvesting interstitial fluid, a cross section view of the same ^jparatus, and cross 
sectional schematic view of the same apparatus, respectively. 

FIGS, 34A-B show a top view of a handheld ultrasonic transducer and a side view of the 
spatulate end thereof respectively. 

FIG. 35 is a graphical representation showing the enhancing effects of microporation in 
the transdermal delivery of testosterone. 
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DETAILED DESCRIPTION OF A PREFERRED EMBODIMENT 
It is to be understood that this inveiition is not limited to the particular configurations, 
process steps, and materials disclosed herein as such configurations, process stq>s, and materials 
may vary somewhat It is also to be understood that the terminology employed herein is used for 
the purpose of describing particular embodiments only and is not intended to be limiting since 
the scope of the present invention will be limited only by the appended claims and equivalents 
thereof. 

It must be noted that, as used herein the singular forms "a," "an," and "the" include plural 
referents unless the context clearly dictates otherwise. Thus, for example, reference to a method 
for delivery of "a drug" includes reference to delivery of a mixture of two or more drugs, 
reference to "an analyte" includes ref«rence to one or more of such analytes, and reference to "a 
permeation enhancer" includes reference to a mixture of two or more permeation enhancers or 
techniques such as a combination of ultrasound and electroporatioDL 

Thus, as used herein, the singular form may be used interchangeably with the plural form, 
and vice versa, i.e.: 'Tayer^ could mean layers or •'layers" could mean layer. 

As used herein, "includmg" or "includes" or the like means including, witfiout limitatioiL 

In describing and claiming the present invention, the following terminplogy will be used 
in accordance with the definitions set out below. 

As used herein "organism" means the entire animal or plant being acted upon by the 
methods described herein. 

As used herein, "poration," "microporation," or any such similar term means the 
formation of a small hole or pore to a desired depth in or through the biological membrane, such 
as skin or mucous membrane, or the outer layer of an organism to lessen the barrier properties of 
this biological membrane to the passage of analytes fix)m below the surface for analysis or the 
passage of permeants or drugs into the body for selected purposes, or for certain medical or 
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surgical procedures. The microporation process referred to herein is distinguished from the 
openings fonned by eiectioporation principally by the minimum dimensions of the micropores 
which shall be no smaller than 1 micron across and at least 1 micron in dq)th, whereas the, 
openings fonned widi electroporation are typically only a few nanometers in any dimension- 
Nevertheless, eiectioporation is useful to facilitate uptake of selected permeants by the targeted 
tissues beneath the outer layers of an organism after the penneant has passed dirough the 
micropores into these deeper layers of tissue. Preferably the hole or micropore will be no larger 
than about 1 nmi in diameter, and more pref«^ly no larger than about 300 pm in diameter, and 
will extend to a selected depth, as described hereinafter. 

As used herein, '^micropore** or •*pore*' means an opening formed by the microporation 
mediod. 

As used herein "ablation" means the controUed removal of material which may include 
cells or otho- components comprising some portion of a biological membrane or tissue caused by 
any of the following: kinetic energy released when some or all of the vapoiizable components of 
such material have been heated to the point that vaporization occurs and the resulting r^id 
expansion of volume due to tfiis phase change causes this material, and possibly some adjacent 
material, to be nmoved from tiie ablation site; thermal, mechanical, or sonic decomposition of 
some or all off the tissue at the poration site. 

As used herein ablation of a tissue or puncture of a tissue may be achieved utilizing the 
same energy source. 

As used herein, **tissue*' means any component of an organism including but not limited 
to, cells, biological membranes, bone, collagen, fluids and the like comprising some portion of 
the organism. 

As used herein, "sonic" or "acoustic*" are interchangeable and cover the frequency space 
from 0.01 Hz and up. 
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As used herein, ^'ultrasonic" describes a subset of sonic comprising frequencies greater or 
equal to 20,000 Hz with no upper limit 

As \xsed herein "puncture" or "micro-pimcture" means the use of mechanical, hydraulic, 
sonic, electromagnetic, or thermal means to perforate wholly or partially a biological membrane 
5 such as the skin or mucosal layers ofan animal or the outer tissue layers of a plant 

To the extent that "ablation" and "puncture" accomplish the same purpose of poration, i*e. 
the creating a hole or pore in the biological mranbrane optionally without significant damage to 
the xmderlying tissues, these tenns may be used interc^ As used herein, "penetration 

enhancement" or "permeation enhancement" means an increase in the permeability by utilization 
10 of a permeation enhancer of a biological membrane such as the skin or mucosal or buccal 
membrane or a plant's outer layer of tissue to a bioactive agent, drug, analyte, dye, stain, 
microparticle, microsphere, compound, or other chemical formulation (also called "permeant"), 
i.e., so as to increase the rate at ^ch a bioactive agent, drug, analyte, stain, micro-particle, 
microsphere, compoimd, or other chemical formulation permeates the biological membrane and 
15 facilitates the withdrawal of analytes out tiuougjti the biological membrane or flie deliv«y of 
substances through the biological membrane and into the underlying tissues. The enhanced 
permeation effected througji the use of such enhancers can be observed, for example, by 
observing diffusion of a dye, as a permeant, through animal or human skin using a diffusion 
apparatus. 

20 As used herein, "penetration enhancer," "permeation enhancer," "enhancer," and the like 

iacludes all substances and techiiiques that increase the fliix of a permeant, aiialyt^^ 
molecule across the skin, and is limited only by functionality. In other words, all cell envelope 
disordering compounds and solvents and physical techniques such as electroporation, 
iontophoresis, magnetic fields, sonic energy, thermal energy, or mechanical pressure or 
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manipiiladon such as a local massaging of the site and any chemical enhancement agents are 

intended to be included. 

* As used herein "chemical enhancer** means a substance that increases the flux of a 

permeant or analyte or other substance across a biological membrane and is lunited only by 

function. 

As used herein, "dye," "stain," and the like shall be used interchangeably and refer to a 
biologically suitable chromophore that exhibits suitable absorption over some or all of the 
emission range of a pulsed light source iised to ablate tissues to form micropores therein. 

As used herein, "tiansdennal" or "percutaneous" or ^transmembrane" or "transmucosal** 
or "transbuccal" means passage of a permeant into or through the biological membrane or tissue 
to achieve effective therapeutic blood levels or tissue levels of a drug, or the passage of a 
molecule present in the body ("analyte") out througji the biological membrane or tissue so that 
flie analyte molecule may be collected on tfie outside of the bo<fy. 

As used herein, the tenn *Tjioactive agent," "pemieanl," "drug," or "pharmacologically 
active agent" or "deliverable substance" or any other similar tran means any chemical or 
biological material or compound suitable for deliveiy by the methods previously known in the art 
and/or by the methods taught in the present invention, that mduces a desired eflrct, such as a 
biological or pharmacological effect, which may include but is not limited to (1 ) having a 
prophylactic effect on the organism and preventing an undesned biological effect such as 
preventing an infection, (2) alleviating a condition caused by a disease, for example, alleviating 
pain or inflammation caused as a result of disease. (3) either alleviating, reducing, or completely 
eliminating the disease fiom the organism, and/or (4) the placement within the viable tissue 
layers of the organism of a compound or formulation \sdiich can react, optionally in a reversible 
manner, to changes in the concentration of a particular analyte and in so doing cause a detectable 
shift in this compound or formulation*s measurable response to the application of energy to this 
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area which may be electromagnetic, mechanical or acoustic. The effect may be local, such as 
providing for a local anesthetic effect, or it may be systemic. This invention is not drawn to 
novel permeants or to new classes of active agents other than by virtue of the microporation 
technique, although substances not typically being used for transdermal, transmucosal, 
transmembrane or transbuccal delivery may now be useable. Rather it is directed to the mode of 
delivery of bioactive agents or permeants that exist in the art or that may later be established as 
active agents and that are suitable for delivery by the present invention. 

Such substances include broad classes of compounds normally delivered into the 
organism, including through body surfaces and membranes, including skin as well as by 
injection, including needle, hydraulic, or hypCTvelocity methods, hi general, this includes but is 
not limited to: Polypeptides, including proteins and peptides (e.g^ insulin); releasing fectors, 
including Luteinizing Hormone Releasing Hormone (LHRH); carbohydrates (e.g., h^arin); 
rmclcic acids; vaccines; and pharmacologically active agents such as antimfectives such as 
antibiotics and antiviral agents; analgesics and analgesic combinations; anorexics; 
antihelminthics; antiarthritics; antiasthmatic agmts; anticonvulsants; antidepressants; antidiabetic 
agents; antidianheals; antihistamines; antiinflammatory agents; antimigraine prqjarations; 
antinauseants; antineoplastics; antiparfcinsonism drugs; antipruritics; antipsychotics; antipyretics; 
antispasmodics; anticholinergics; sympathomimetics; xantiiine derivatives; cardiovascular 
preparations including potassium and calcium channel blockors, beta-blockers, alpha-blockcrs, 
and antiarrhythmics; antihypertensives; diuretics and antidiuretics; vasodilators including general 
coronary, peripheral and CCTcbral; central nervous system stimulants; vasoconstrictors; cough and 
cold preparations, including decongestants; hormones such as estradiol, testosterone, 
progesterone and other steroids and derivatives and analogs, includmg corticosteroids; hypnotics; 
immunosuppressives; muscle relaxants; parasympatiiolytics; psychostimulants; sedatives; and 
tranquilizers. By tiie method of the present invention, both ionized and nonionized permeants 
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may be delivered, as can permeants of any molecular weight including substances with molecular 
weights ranging fiom less than 50 Daltons to greater tfian 1 ,000,000 Daltons. 

As used herein, an "effective" amount of a permeant means a sufficient amount of a 
compound to provide the desired local or systemic effect and performance at a reasonable 
benefit/risk ratio attending any treatment An "effective" amount of an enhancer as used herein 
means an amount selected so as to provide the desired increase intissue pemeability and the 
desired depth of penetration, rate of administration, and amount of pemieant delivered. 

As used herein, "carriers" or "vehicles" refer to earner materials without significant 
pharmacological activity at the quantities used that are suitable for administration with othCT 
permeants, and include any such materials known in the art, e.g., any liquid, gel, solvent, Uquid 
dUuent, solubilizer, microsphCTes. liposomes, microparticles, lipid complexes, or the like, that is 
sufficiently nontoxic at flie quantities en^)loyed and does not interact with the drag to be 
administered in a deleterious manner. Examples of suitable carriers for use herein include watCT, 
buffers, mineral oil, silicone, inorganic or organic gels, aqueous emulsions, liquid sugars, lipids, 
microparticles, waxes, petroleum jeUy, and a variety of other oils and polymeric materials. 

As used herein, a "biological membrane" means a tissue material present within a living 
organism that separates one area of the organism fiom another and, in many instances, fliat 
separates the organism fiom its outer environment. Skin and mucous and buccal membranes are 
thus included as weU as the outer layers of a plant Also, the walls of a ceU or a blood vessel 
would be included within this definition. 

As used herein, '^mucous membrane" or;*mucosa" refers to the epithelial linings of the 
mouth, nasopharynx, throat, respuratoiy tract, urogenital tract, anus, eye, gut and all other 
surfaces accessible via an endoscopic device such as the bladder, colon, lung, blood vessels, 
heart and the like. 

As used herein, the '^buccal membrane" includes the mucous membrane of the mouth. 
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As used herein, "outer layer" and "connective-tissue layer** are parts of the biological 
membiBne and have the following meanings. "Outer layer" means all or part of the epidennis of 
the skin or the epithelial lining of the mucous membrane or the outer layer of a plant The most 
superficial portion of the animal epidermis is the stratum comeum, as is well known in the art 
The deeper portion of the epidermis is caUed, for simpUcity, the ^Viable ceU layeT henemafter. 
Beneath the outer layer is the "connective tissue layer." The connective tissue layer means the 
deraiis in the skin or the lamina propria in the mucous membrane or other underljdng tissues in 

plants or animals. ^ i-r:' 

As used herein, "organism" or "individual" or "subject" or **bod/* refers to any of a 
human, animal, or plant to which the present invention may be appUed. 

As used herein, "analyte" means any chemical or biological material or compound 
suitable for passage through a biological membrane by the technology taugjit in this present 
invcnticm, or by technology previously known in the art, of ^ch an individual migjit want to 
know the concentration or activity inside the body. Glucose is a specific example of an analyte 
because it is a sugar suitable for passage througjh tiae skin, and individuals, for exan4>le those 
having diabetes, might want to know their blood glucose levels. Other exan^les of analytes 
include, but are not limited to, sucA compounds as sodiuna, potassium^ bilirubin, urea, ammonia, 
calcium, lead, iron, lifliium, salicylates, antibodies, hormones, or an exogenously delivered 
substance and the like. 

As used herein, '"into" or "m" a biological membrane or layer thcawf mcludes penetration 
in or tiirougji only one or more layers (e.g., all or part of the stratum comeum or the entire outer 
layer of the skin or portion thereof). 

As used herein, "through" a biological membrane or layer thereof means through the 
entire depth of the biological membrane or layer thereof. 
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As used herein, "transdermal flux rate" is the rate of passage of any analyte out through 
the skin of a subject or the rate of passage of any bioactive agent, drug, pharmacologically 
active agmt, dye, particle or pigment in and through the skin separating the organism from its 
outer environment *TransmucosaI flux rate" and *1ransbuccal flux rate** refer to such passage 
duough mucosa and buccal membranes and ^^transmembrane flux rate** refers to such passage 
through any biological membrane. 

As used herein, '^transdermal,** *transmucosal,** *'transbuccal" and 'transmembrane** may 
be used interchangeably as appropriate within the context of their use. 

As used herein, the terms "intensity amplitude," "intensity," and "amplitude" are used 
synonymously and refer to the amount of energy being produced by a sonic, thermal, mechanical 
or electromagnetic energy system. 

As used herein, "frequency modulation" or "sweep" means a continuous, graded or 
stepped variation in the frequency of a sonic, thermal, mechanical or electromagnetic energy in a 
given time period. A frequency modulation is a graded or stepped variation in frequency in a 
given time period, for example 5.4-5.76 MHz in 1 sec., or 5-10 MHz in 0.1 sec., or 10-5 MHz in 
0. 1 sec., or any other frequency range or time period that is appropriate to a specific ^yplication. 
A coixq>lex modulation can include varying both the frequency and intensjt$y siinultaneously. For 
example, FIGS. 4A and 4B of U.S. Patent No. 5,458,140 could, respectively, rq>resent amplitude 
and frequency modulations being applied simultaneously to a single sonic energy transducer. 

As used herein, "amplitude modulation" means a continuous, graded or stepped variation 
in the amplitude or intensity of a sonic, thermal, mechanical or electromagnetic energy in a given 
timeperiod. 

As used herem "phase modulation" means the timing of a sonic, thermal, mechanical or 
electromagnetic energy or signal has been changed relative to its initial state. An example is 
shown in Fig. 4C of U.S. Patent No. 5,458,140. The frequency and amplitude of the signal can 
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remain the same. A phase modulation can be implemented with a variable delay such as to 
selectively retard or advance the signal temporarily in reference to its previous state, or to another 
signal. 

As used herein "signal,** or "energy" may be used synonymously. The sonic, thennal, 
5 mechanical or electromagnetic energy, in its various applications such as with firequency, 
intensity or phase modulation, or combinations thereof and the use of chemical enhancers 
combined with sonic, thermal, mechanical or electromagnetic energy, as described herein, can 
vary over a frequency range of between about 0.01 Hz to 1000 MHz, with a range of between 
about 0.1 Hz and 30 MHz being preferred. 
10 As used herein, "non-invasive" means not requiring the entry of a needle, catheter, or 

other invasive instrument into a part of the subject including the skin or a mucous membrane. 

As used herein, "minimally invasive and **non-invasive** are synonymous. 

As used hCTein, "microparticles*' or **microspheres** or '^nanoparticles** or **nanospheres** 
or " liposomes** or *1ipid complexes** may be used interchangeably. 

15 

Means for Poration of the Biological Membrane 

The formation of a micropore in the biological membrane can be ^cconqilished by 
various state of the art means as well as certain means disclosed herein that are improvemraits 
thereof. While the foUowing techniques and examples are made with respect to porating the 

20 biological membrane, it should be understood that the nnprovements described herein also apply 
to porating the mucous or buccal membraneor the outer layers of a plant 

The use of laser ablation as described by Jacques et al. in U.S. Patent 4,775,36 1 and by 
Lane et al., supra, certainly provide one means for ablating the stratum comeum using an excimer 
laser. At 193 nm wavelength, and 14 ns piilse width, it was found that about 0.24 to 2.8 pm of 

25 stratum comeum could be removed by each laser pulse at radiant exposure of between about 70 
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and 480 mJ/cm^. As the pulse energy increases, more tissue is removed firom the stratum 
coraeum and fewer pulses are required for complete poration of this layer. The lower threshold 
of radiant e5q)osure that must be absorbed by the stratum comeum widiin the limit of the themial 
relaxation time to cause suitable micro-explosions that result in tissue ablation is about 70 
mJ/cm^ within a 50 millisecond (ms) time. In other words, a total of 70 mJ/cm^ must be 
delivered within a 50 ms window. This can be done in a single pulse of 70 mJ/cm^ or in 10 
pulses of 7 mJ/cm^ or with a continuous iUumination of 1.4 watts/cm^ during the 50 ms time. 
The ui>per limit of radiant exposure is that which will ablate the stratum comeum without 
damage to underlying tissue and can be empirically deteraiined from the ligjit source, wavelength 
of light, and other variables that are within the experience and knowledge of one skilled in this 
art 

By "delivery", in the context of the application of energy, is meant that tiie stated amount 
of energy is absorbed by the tissue to be ablated. At the exdmer laser wavelengfli of 193 nm, 
essentially 100% absorption occurs within the first 1 or 2 iun of stratum comeum tissue. 
Assuming the stratum comeum is about 20 pm thick, at longer wavelengths, such as 670 nin, 
only about 5% of incident Ught is absorbed within the 20 pm layer. This means that about 95% 
of the hi^ power beam passes into the tissues xmdcriying the stratum q(»neum where it will 
likely cause significant damage. In the context of delivery of a bioactive agent, the term means 
providing the bioactive agrat to the desired location. 

The ideal is to use only as much power as is necessary to perforate the biological 
membrane or ottier selected skin, mucosal, or tissue layers without causing bleedmg, thermal, or 
oAcr unacceptable damage to underlying and adjacent tissues fix>m which analytes are to be 
extracted or permeants delivered. 

It would be beneficial to use sources of energy more economical than energy from 
excimer lasers. Excimer lasers, which emit light at wavelengths in the far UV region, are much 
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more expensive to operate and maintain than, for example, diode lasers that emit ligjit at 
wavelengths in visible and IR regions (600 to 1 800 nm). However, at the longer wavelengths, 
the biological membrane becomes increasingly more transparent and absoiption occurs primarily 
in the underlying tissues. 

The present invention facilitates a rapid and minimally traumatic method of e liminating 
the bamer function of the biological membrane to &cilitate the transmembrane transport of 
substances into the body when applied topically or to access the analytes widiin the body for 
analysis. The method utilizes a procedure^ which begins with the contact s^lication of a small 
area heat source to the targeted area of die biological membrane. 

The heat source must have several ini^jortant properties, as will now be described. First, 
the heat source must be sized such fliat contact with the biological membrane is confined to a 
smaUarea,typicaIlyaboutl to 1000 Mm m diameter. Second, it must have the c^>abiiity to 
modulate the tCTq>erature of tfie biological membrane at the contact pomt ftom ambient sur&ce 
tenq>erature to greater thaii the vaporization point of a sufficient amount of the conq>onents 
within the biolo^cal membrane and ttien retum to approximately ambient ten^>e^ature wifli cycle 
times to minimize collateral damage to viable tissues and trauma to the subject This 
modulation can be created electronically, mechanically, or chemically. — 

AdditionaUy, for selected appUcations, an inherent depth limiting feature of tte 
micioporation process can be fecilitated if die heat source has both a small enough thranaal mass 
and limited energy source to elevate its temperature such that vAxm it is placed in contact with 
tissues with more than 30% water content, the thermal dispersion in these tissues is sufficient to 
limit the maximum temperature of the heat source to less than 100 C. This feature effectively 
stops the thermal vaporization process once the heat probe had penetrated through the stratum 
comeum into or througji the lower layers of the epidermis. 
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However, if one utilizes a heat probe which can continue to deliver sufficient energy into 
or through the hydrated viable tissue layers beneath the outer layer of the biological membrane, 
the poration process can continue into the body to a selected depth, penetrating through deeper 
layers including, e.g., in the case of the skin, through the epidamis, the dermis, and into the 
subcutaneous layers below if desired. The concern when a systan is designed to create a 
micropore extending some distance into or through the viable tissues beneath the stratum 
comeum, mucosal or buccal membranes is principaUy how to minimize damage to the adjacent 
tissue snd the semsation to the subject dijring die poration process. E;q>erimentally, we have 
shown that if the heat probe used is a soUd, declricaUy or optically heated element, wifli ttie 
active heated probe tip physically defined to be no more than a few hundred microns across and 
protmding up to a few millimeters from tiie supporting base, that a single pulse, or multiple 
pulses of current can deUver enough thennal energy into or through the tissue to aUow the 
ablation to penetrate as deep as the physical design aUows, for example, untU the support base 
acts as a component to limit the extent of the penetration into or through the tissue, essentiaUy 
restricting the depth to which the heat probe can penetrate into a micropore to contact fresh, 
unporated tissue. If the electrical and thermal properties of said heat probe, when it is in contact 
with the tissues, aUow the energy pulse to modulate the tempeniture of..sm^ 
enou^ this type of deep tissue poration can be accompUshed wifli essentiaUy no pain to the 
subject. E3q>erimraits have shown that if the required amount of thermal eaergy is deUvered to 
the probe within less than roughly 20 milliseconds, that the procedure is painless. Conversely, if 
the enragy pulse must be extended beyond roughly 20 milUseconds, the sensation to die subject 
increases r^idly and non-Iinearly as the pulse width is extended. 

An electrically heated probe design which supports this type of selected depth poration 
can be built by bending a 50 to 1 50 micron diameter tungsten wire into a sharp kink, forming a 
close to 180 degree bend with a minimal internal radius at this point This miniature 'V* shaped 
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piece of wire can then be mounted such that the point of the extends some distance outfix>m 
a support piece which has copper electrodes dqx)sited upon it The distance to which the wire 
extends out from the support will define the maximum penetration distance into or through the 
tissue when the wire is heated. Each leg of the tungsten will be attached to one of die 
electrodes on the support carrier which in turn can be connected to the current pulsing circuit 
When the currrat is delivered to the wire in an appropriately controUed feshion, the wire will 
rapidly heat up to the desired temperature to effect the thermal ablation process in a single pulse 
or in multiple pulses of current By monitoring the dynamic impedance of the probe and 
knowing the coefficient of resistance versus temperature of the tungsten element, closed loQp 
control of die temperature of the contact point can easily be established. Also, by dynamically 
monitoring the impedance through ttie body from the contact pomt of flie probe and a second 
electrode placed some distance away, the dqith of the pore can be estimated based on the 
diffeirat impedance properties of the tissue as one penetrates deq;)e^ 

An optically heated probe design which siqiports this type of selected depth poration can 
be built by taking an optical fiber and placing on one end a tip con^rised of a solid cap or 
coating. A ligjit source such as a las^ diode will be coupled into the otho: end of the fiber. The 
side of tip facing the fi^er must have a higji enough absorption coefficient over the range of 
wavelengths emitted by die Hght source that i^licn the photons reach the end of ttie fibe^ 
strike this face, some of them will be absorbed and subsequenfly cause the tq> to heat up. The 
specific design of , this tip, fiber and source assembly may vary widely, however fibers with gross 
diameters of 50 to 1000 microns across are common place items today and sources emitting vp to 
thousands of watts of optical energy are similarly common place. The tip forming the actual 
heat probe can be fabricated from a high melting point material, such as tungsten and attached to 
die fiber by machining it to allow the insertion of the fiber into a cylindrical bore at the fiber end. 
If the distal end of the tip has been fabricated to liinit the thermal diffusion away fiom this tip 
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and back up the supporting cylinder attaching the tip to the fiber within the time frame of the 
optical pulse widths used, the photons incident upon this tip will elevate the temperature rapidly 
on both the fiber side and the contact side v/iuch is placed ai^t the tissues surfece. The 
positioning of the fiber/tip assembly onto the tissue surface, can be accomplished with a simple 
mechanism designed to bold the tip against the surfece under some spring tension such that as the 
tissue beneath it is ablated, the tip itself will advance into die tissue. This allows the tiieimal 
ablation process to continue into or through the tissue as far as one desires. An additional feature 
of this optically heated probe desi^is that by monitoring the black body radiated energy fixnn 
the heated tip fliat is coUected by the fiber, a very simple closed loop control of the tip 
temperature can be effected. Also, as described earlier, by dynamically monitoring the 
impedance flirough the body fiom the contact point of Ae probe and a second electrode placed 
some distance away, fiie depth of the pore can be determined based on the different impedance 
propaties of the tissue as one penetrates deeper mto the body. The relationship between pulse 
width and sensation for fliis design is essentially tiie same as for the electricaUy heated probe 

IS desoibed earlier. 

hnpedance can be used to determine the d«5ptiiiofa pore made by any means. Itcanbe 

used as an input to a control system for making pores of selected depflL The impedance 
measured may be the complex impedance measured at a frequency sdected to highlight the 

impedance properties of the selected tissues in a selected organism. 
20 An additional feature of this invention is the large increase m efficiency which can be 

gained by combinmg the poration of the outer layers of the biological membrane with oAer 
penneation enhancement techniques which can now be optimized to function on the various 
barriers to effective delivery of die desired compound into or tiirough the internal spaces it needs 
to go to be bio-effective. In particular, if one is deUvering a DNA compound either naked, 
fragmented, encapsulated or coupled to another agent, it is often desired to get the DNA into the 
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living cells without killing the cell to allow the desired uptake and subsequent performance of the 
therapy. It is well know in the art that clectroporation, iontophoresis, and ultrasound can cause 
openings to form, temporarily, in the cell membranes and odier internal tissue membranes. By 
having breached the stratum comeum or mucosal lay^ or outer layer of a plant and if desired the 

5 epidormis and dermis or deq)er into a plant, electroporation, iontophoresis, magnetic fields, and 
sonic energy can now be used with parameters that can be tailored to act selectively on these 
underlying tissue barriers. For example, for any electromagnetic or sonic eneigy enhancemrat 
means, the specific action of the enhancement can 6e designed to focus on any part of the pore, 
e.g., on the bottom of the pore by the design of die focusing means employed such as the design 

10 of the electrodes, soiuc and magnetic field forming devices and the like. Alternatively, the 

enhancer can be focused more generally on the entire pore or ttie area surrounding t^^ In 
the case of electroporation, where pulses exceeding 50 to 150 volts are routinely used to 
electxoporate the stratum comeum or mucosal layer, in the ravironment we presmt, puls^ of 
only a few volts can be stifficient to electroporate the cell, capillary or other membranes within 

15 die targeted tissue. This is principally due to die dramatic reduction in the number of insulating 
layers present between die electrodes once the outer surface of the biological membrane has been 
opened. Siriiilariy, ioiitophoieds can be shown to be cfiFective to inddulate the flux o 
media containing the DNA through the micropores with very small amounts of current due to die 
dramatic reduction in the physical impedance to fluid flow through these porated layers. 

20 Whereas ultrasound has previously been used to accelerate the p^meation of die stratum 

comeum or mucosal layer, by eliminating this barrier via the micropores, we have created the 
opportunity to utilize sonic energy to permeabilize the cell, capillary or oflier structures within 
the targeted tissue. As in the cases of electroporation and iontophoresis, we have demonstrated 
that the sonic energy levels needed to effect a notable improvement in the trans-membrane flux 

25 of a substance are much lower than when stratum comeum or mucosal layers are left intact The 
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mode of operation of all of these active methods, electcoporation, iontophoresis, magnetic fields, 
mechanical forces or ultrasound, when applied solely or in combination, after the poration of 
biological membrane has been effected is most similar to the parameters QrpicaUy used in in vitro 
applications whwe single cell membranes are being opened vp for the deUvray of a substance. 

With the heat source placed in contact with the surfece of the biological membrane, it is 
cycled throu^ a series of one or more modulations of tenq)erature fitnn an initial point of 
ambient temperature to a peak tenq)erature in excess of 123 * C and back to ambient surfece 
temperature. To rniiiimize or eliminate the aniinal's sensory perception of the micropotation 
process, these pulses are limited in duration, and die interpulse spacing is long emm^i to allow 
cooling of the viable tissue layers in the biological membrane , and most particularly die 
innervated tissues, to achieve a mean temperature within die innervated tissues of less than about 
45 G. These parameters are based on the thomal time constants of the human ddn's viable 
epidermal tissues (rou^y 30-80 ms) located between the heat probe and fee famervated tissue in 
fee underlying dermis. The itssult of this application of pulsed feermal energy is that enough 
energy is conducted into or through fee stratam comeum within fee tiny target spot that fee local 
temperaftire of this volume of tissue is elevated sufficienUy higher than fee vaporization point of 
fee tissue-bound water, content in fee stratum comeum. As fee temperature increases above 100 
C. fee water content of fee stratum comeum (typically 5% to 15%) within feis localized spot, is 
induced to vaporize and expand very rapidly, causing a vsqwr-driven removal of feose 
comeocytes in fee stratum comeum located in proximity to this vaporization event U.S. Patmt 
No. 4,775^61 teaches feat a stratum comeum tanperature of 123 * C represents a threshold at 
which this type of flash vaporization occurs. As subsequent pulses of feermal energy are appUed, 
additional layers of fee stratum comeum are removed until a micropore is formed ferough fee 
stratum comeum down to fee next layer of fee epidermis, fee stratum luddum. By limiting fee 
duration of fee heat pulse to less than one feermal time constant of fee epidermis and aUowing 
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any heat energy conducted into or through the epidermis to dissipate for a sufficientfy long 
enough time, the elevation in temperature of the viable layers of the epidermis is minimal. This 
allows the entire micioporation process to take place without any sensation to the subject and no 
damage to the underlying and surrounding tissues. If the heat probe can achieve temperatures 
greater than 300 degrees C some of the poration may be due to the direct thermal decomposition 
of the tissue. 

The present invention comprises a method for painlessly, or xvith litUe sensation, creating 
microscopic holes, i.e; micropores, fiom about I to 1000 pm across, in a biological membrane of 
an organism. The key to successfully implementing this method is the creation of an appropriate 
thermal energy source, or heat probe, which is held in contact with the biological membrane. 
The principle technical challenge in febricating an appropriate heat probe is designing a device 

that has the desired contact with the biological membrane and that can be thennally modulated at 
a sufficiently high fiequraicy. 

It is possible to febricate an appropriate heat probe by contacting the biological 
membrane with a suitable light-absori>ing compound, such as a dye or stain, or any thin fihn or 
substance selected because of its ability to absorb Ught at the wavelength emitted by a selected 
Bghtsource. In this instance, the selected Ught source may be a laser diode emitting at a 
wavelength which would not normally be absorbed by the biological membrane. By focusing the 
light source to a small spot on the surfece of the topical layer of the dye. stain, thin fihn or 
substance the targeted area can be temperature modulated by varying the intensity of flie Ught 
flux focused on it It is possible to utilize the energy fiom laser sources emitting at a longer 
wavelength than an excimer laser by first topically applying to the stratum cbmeum a suitable 
Ught^absorijing compound, such as a dye. stain, thin film or substance selected because of its 
abUity to absorb light at the wavelength emitted by the laser source. The same concept can be 
appUed at any wavelength and one must only choose an appropriate dye or stain and optical 
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wavelength. One need only look to any reference manual to find which suitable dyes and 
wavelength of the maximum absorbance of that dye. One such reference is Green, TheSif 
AlHrich Handhnok: of Stains Hves and Indicators. Aldrich Chemical Company, Inc. Milwaukee, 
Wisconsin (1991). For example, copper phthalocyanine (Pigment Blue 15; CPC) absorbs at 
about 800 nm; copper phthalocyanine tetrasulfonic acid (Acid Blue 249) absorbs at about 610 
nm; and Indocyanine Green absorbs at about 775 nm; and Ciyptocyanine absorbs at about 703 
nm. CPC is particularly well suited for this embodiment for the following reasons: it is a very 
stable and inert compqund, alre^approved by the FDA for use as a dye in implantable sutures; 
it absorbs very strongly at wavelengths from 750 nm to 950 nm, which coincide weU with 
numerous low cost, solid state emitters such as lasa: diodes and LEDs, and in addition, this area 
of optical bandwidth is similarly not absorbed direcUy by the skin tissues in any significant 
amount; CPC has a very hi^ vaporization point (>550C in a vacuum) and goes directly from a 
soUd phase to a vapor phase with no liquid phase; CPC has a relatively low diermal difiusivi^ 
constant, aUowing the li^t energy focused on it to selectively heat only that area direcUy m the 
focal point with very little lateral spreading of the 'hot-spot* into the surrounding CPC tfiereby 
assisting in the spatial definition of the contact heat-probe. 

The purpose of this disclosure is not to make an esxhau sti ve listing of suitable dyes, stains, 
fihns or substances because such may be easily ascertained by one skilled in ttie art from data 
readily available. 

The same, is true for any desired particular pulsed light source. For exan^le, this method 
may be implemented with a mechanically shuttered, focused incandescent lamp as the pulsed 
li^t source. Various catalogs and sales literature show immerous lasers operating in the near 
UV, visible and near IR range. R^resentative lasers are Hammamatsu Photonic Systems Model 
PLP-02 which operates at a power output of 2x10"* J, at a wavelength of 415 nm; Ha mmam atsu 
Photonic Systems Model PLP-05 which operates at a power output of 15 J, at a wavelength of 
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685 nm; SDL, Inc., SDL-3250 Series pulsed laser which operates at a power ou^ut of 2x1 0^ J at 
a wavelength of about 800-810 mn; SDL, Inc., Model SDL-8630 which operates at a pow«- 
ouq)Ut of 500 mW at a wavelength of about 670 nm; Uniphase Laser Model AR-081-15000 
which operates at a power ou^ut of 15,000 mW at a wavelengfli of 790-830 nm; Toshiba 

5 America Electronic Model TOLD9 1 50 which operates at a powo* ou^ut of 30 mW at a 

wavelength of 690 nm; and LiCONDC, Model Diolite 800-50 which operates at a power 50 mW 
at a wavelength of 780 rmL 

For puri>oses of the presept invention a pulsed laser light source can emit radiation over a 
wide range of wavelengths ranging from between about 100 imi to 12,000 nm. Excim^ lasers 

10 typically will emit over a range of between about 1 00 to 400 nm. CommCTcial excimer lasCTS are 
currently avaflable with wavelengths in the range of about 193 nm to 350 nm. Preferably a laso- 
diode will have an emission range of between about 380 to 1550 nm. A fiequaicy doubled laser 
diode will have an emission range of between about 190 and 775 nm. Longer wavelengdis 
ranging from between about 1300 and 3000 nm may be utilized using a laser diode pumped 

15 optical parametric oscillator. It is e3q>ected, given the amount of research taking place on iasCT 
technology, that these ranges wiU e?cpand with time. 

E>eUvered or abs<Mfeed enca:gy need not be obtained from a la^ 
whethCT it is from a laser, a short arc lamp such as a xenon flashlamp, an incandescent lamp, a 
light-emitting diode (LED), the sun, or any other source may be used. Thus, the particular 

20 instrument used for delivering electn>niagnetic radiation is less importa^ 

and energy associated therewith. Any suitable instrument enable of delivering the necessary 
energy at suitable wavelengths. in the range of about 100 nm to about 12,000 nm, can be 
considered within the scope of the invention. The essential feature is that the energy must be 
absorbed by the light-absorbing compound to cause localized heating thereof, followed by 

25 conduction of sufficient heat to the tissue to be ablated within the time frame allowed. 
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In one illustrative embodiment, the heat probe itself is formed fix)m a thin layer, 
preferably about 5 to 1000 \im thick, of a solid, non-biologically active substance placed in 
contact with a selected area of an individual's skin that is large enough to cover the site whoro a 
micropore is to be created The specific formulation of the chemical compound is chosen such 
fliat it exhibits high absorption over the spectral range of a ligjit source selected for providing 
energy to the light-absoibing compoimd. The probe can be, for example, a sheet of a solid 
compound, a film treated or coated with or containing a suitable ligJit absorbing compound, or 
a direct application of the light-absorbing con:q>oimd to the skin as a precipitate or as a 
suspension in a carrio-. Regardless of the configuration of the light-absorbing heat probe, it must 
exhibit a low enough lateral thermal diflfiision coefficient such that any local elevations of 
temperature will remain sufBciently spatially defined and the dominant mode of heat loss will 
preferably be via direct corKfaiction into biological membrane through the point of contact 
between the skin and the probe. 

The required temperature modulation of the probe can be achieved by focusing a light 
source onto the probe layer and modulating the intensity of this light source. If the energy 
absorbed within the illuminated area is sufficicntiy high, it will cause the probe layer heat vp. 
The amoimt of energy delivered, and subsequently both tiie rate of heating and peak tenq>erature 
of the probe layer at the focal point, can be easOy modulated by varying the pulse width and peak 
power of the light source. In this embodiment, it is only the small volume of probe layer heated 
up by the focused, incident optical energy that forms tiie heat probe, additional material of this 
probe layer which may have been applied over a larger area then flie actual poration site is 
mcidental. By using a solid phase light-absorbing compound with a relatively higji melting 
point, such as copper phthalocyanine (CPC), which remains in its solid phase up to a temperature 
of greater than 550 C, the heat probe can be quickly brought up to a temperature of several 
hundred degrees C, and still remain m contact with the biological membrane , allowing this 
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thermal energy to be conducted into or through the stratum comeum. In addition, this 
embodiment comprises choosing a Kght soim:e with an emission spectnrai where very little 
energy would normally be absorbed in the tissues of the biological membrane. 

Once the targeted area has the light-absorbing probe layer placed in contact to it, the 
heat probe is formed when the light source is activated with the focal waist of the beam 
positioned to be coincident with the surface of the treated area. The energy density of light at flie 
focal waist and the amount of absorption taking place within the light-absorbing compound are 
set to be sufficient to bring tbc temperature'of the ligbt-absorbing compound, within the area of 
Ae srnall spot detoed by Ae focus of the Ught soun^c, to greater than 123 • C wid^ 
milliseconds. As tbe temperature of the heat probe rises, conduction into or through the 
biological membrane delivers energy into or fluough these tissues, elevating the local 
temperature of the biological membrane. Whoj enough energy has been delivered into or 
through this small area of biological membrane to cause the locial temperature to be elevated 
above the boiling point of some of the water and other vaporizable components contained in 
these tissues, a flash vaporization of fliis material takes place, ranoving some portion of the 
biological membrane at this location and forming a micropore. 

By turning the light source on and off, the terriperatoire of the heat probe can be rapidly 
modulated and the selective ablation of diese tissues can be achieved, allowing a veiy precisely 
dimensioned hole to be created, which can selectively penetrate only througji the first 10 to 30 
microns of the biological membrane, or can be made de^er. 

An additional feature of this embodiment is that by choosing a light source that would 
normally have very little energy absorbed by the biological membrane or underlying tissues, and 
by designing the focusing and delivery optics to have a sufficiently high numerical iq>erture, the 
small amount of delivered light that does not happen to get absorbed in the heat probe itself, 
quickly diverges as it penetrates deep into the body. Since there is very little absorption at the 
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delivered wavelengths, essentially no energy is delivered to the biological membrane directly 
from the light source. This three dimensional dilution of coiq)Ied energy in the tissues due to 
beam divergence and the low level of absorption in the untreated tissue results in a completely 
benign interaction between the light beam and the tissues, with no damage being done thereby. 

In one preferred embodiment of the invention, a laser diode is used as the lig^t source 
with an emission wavelength of 800 ± 30 imi. A heat-probe can be formed by topical application 
of a transparent adhesive tape that has been treated on the adhesive side with a 0.5 cm spot 
formed from a deposit of finely ground copper phthalocyanine (CPG). The CPC exhibits 
extremely high absorption coefficients in the 800 nm spectral range, typically absorbing more 
than 95% of the radiant eneigy from a laser diode. 

HG. 1 shows a system 10 for delivering ligjit from such a laser diode to a selected area of 
an individual's biological membrane and for monitoring the progress of the poration process. 
The sjrstem comprises a laser diode 1 4 coupled to a controller 1 8, which controls the intensity, 
duration, and spacing of the light piilses. The laser diode emits a beam 22 that is directed to a 
collection lens or lenses 26, which focuses the beam onto a mirror 30. The beam is then reflected 
by the minor to an objective lens or lenses 34, which focuses the beam at a preselected point 38. 
This preselected point corresponds with ttie plane of an xyz stage 42 and the objective hole 46 
thereof, such fliat a selected area of an individual's biological membrane can be irradiated* The 
xyz stage is connected to the controller such that the position of the xyz stage can be controlled. 
The system also 'comprises a monitoring system comprising a CCD camera 50 coupled to a 
monitor 54 The CCD camera is confocally aligned with the objective lens such fliat the progress 
of the poration process can be monitored visually on the monitor. 

In another illustrative embodiment of the invention, a system of sensing photodiodes and 
collection optics that have been confocally aligned with the ablation light source is provided. 
FIG. 2 shows a sensor system 60 for use in this embodiment The system comprises a light 
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source 64 for emitting a beam of light 68, which is directed through a delivery optics system 72 
that focuses the beam at a preselected point 76, such as the surface of an individual's skin 80, A 
portion of the light contacting the skin is reflected, and other light is emitted from the irradiated 
area- A portion of this reflected and emitted ligjit passes through a filter 84 and then through a 
collection optics system 88, which focuses the light on a phototodiode 92. A controller 96 is 
coupled to both the laser diode and the photodiode for, respectively, controlling the output of the 
laser diode and detecting the light that reaches the photodiode. Only selected portions of the 
spectrum emitted from the skin pass through the filter. By analyzing the shifrs in the reflected 
and emitted light from the targeted area, the system has the ability to detect when the stratum 
comeum has been breached, and this feedback is then used to control the lig^t source, 
deactivating the pulses of light when the microporation of the stratum comeum is achieved. By 
CTi^loying this type of active closed loop feedback S3^teni, a self regulating, universally 
applicable device is obtained that produces uniformly dimensioned micropores in the stratum 
comeimi, with tninimfll powCT requirements, regardless of variations from one individual to the 
next 

In another illustrative embodiment, a cooling device is incoqxmited into the system 
interface to the skin. HG, 3 A shows an iUustrative schematic representation thmof. In this 
system 100, a light source 104 (coupled to a controller 106) emits a beam of ligJit 108, which 
passes through and is focused by a delivery optics system 1 12. The beam is focused by the 
delivery optics system to a preselected point 116, such as a selected area of an individual's skin 
120. A cooling device 124, such as a Peltier device or othCT means of chilling, contacts the skin 
to cool the smiace thereof In a preferred embodiment of the cooling device 124 (FIG, 3B), there 
is a central hole 128 through which the beam of focused ligjit passes to contact the skin. 
Referring again to FIG, 3 A, a heat sink 132 is also preferably placed in contact with the cooling 
device. By providing a cooling device with a small hole in its center coincident with the focus of 
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the light, the tissues in the general area where the potation is to be created n^y be cooled to 5 * C 
to 1 0 • C. This cooling allows a greater safety margin for the system to operate in that the 
potential sensations to the user and the possibility of any collateral damage to the epidermis 
directly below the poration site are reduced significantly fix>m non-cooled embodimait 
5 Moreover, for monitoring applications, cooling minimizes evaporation of interstitial fluid and 
can also provide advantageous physical properties, such as decreased surface tension of such 
interstitial fluid. Still further, cooling the tissue is known to cause a localized increase in blood 
flow in such cooled tissue, thus promoting diffusion of analytes fipm the blood into ttie 
int^titial fluid and promoting diffusion of delivered permeants away ftom the pore site or into 

10 the tissue underlying the pore. 

The method can also be applied for otha- micro-surgery techniques M^erein the li^t- 
absorbing compoimd/heat-probe is appUed to the area to be ablated and thm the Ug^ 
used to selectively modulate the te^^)e^atllre of the pn>be at the selected^^t 
tissues via the vaporization-ablation process produced. 

15 A further feature of the invention is to use the ligjit source to help seal the micropore after 

its usefulness has passed, SpecificaUy, m the case of monitoring for an mtemal analyte, a 
micropore is created and some amount of interstitial fluid is ejctracted throu^ this opening. 
After a sufficient amount of interstitial fluid had been collected, the ligjit source is reactivated at 
a reduced power level to fecilitate rapid clotting or coagulation of the interstitial fluid within die 

20 micropore. By forcing the coagulation or clotting of the fluid in the pore, this opening in the 
body is effectively sealed, thus reducing the risk of infection. Also, the use of the light source 
itself for both the formation of the micropore and the sealing thereof is an inhCTently sterile 
procedure, with no physical penetration into the body by any device or apparatus. Further, the 
thermal shock induced by the light energy kills any microl)es that may happen to be present at the 

25 ablation site. 
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This concept of optical sterilization can be extended to include an additional step in tbe 
process wherein the light source is first applied in an unfocused manner, covering the target area 
with an illuminated area that extends 100 pm or more beyond the actual size of the micropore to 
be produced. By selecting the area over which the unfocused beam is to be i^lied, the flux 
density can be correspondingly reduced to a level well below the ablation threshold but hi^ 
enough to effectively sterilize the surface of the skin. After a sufficiently long exposure of ttie 
larger area, either in one continuous step or in a series of pulses, to the sterilizing beam, the 
system is then configured into the sharply focused ablation mode and the optical microporation 
process begins. 

Another illustrative embodiment of the invention is to create the required heat probe fiom 
a solid element, such as a small diameter wire. As in the previously described embodiment, the 
contacting surface of the heat probe must be able to have its tem|>erature modulated fiom 
ambient biological membrane tempCTatures to temperatures greater than 123*C, within Oie 
required time aUowed of, preferably, between about 1 microsecond to 50 milliseconds at the higji 
tenq>CTature (on-time) and at least about 1 to 50 ms at the low temperature (ofF-time). In 
particular, being able to modulate the temperature up to greater than 150 ' C for an "on" tune of 
around 5 ms and an off time of 50 ms produces very effective thermal ablation with little or no 
sensation to the individual. 

Several methods for modulating the temperatures of the solid element heat probe contact 
area may be successfully implemented- For example, a short length of wire may be brought up to 
the desired high temperamre by an external heating element such as an ohmic heating element 
used in the tip of a soldering iron. FIG. 4 shows an ohmic heating device 140 with a mechanical 
actuator. The ohmic heating device comprises an ohmic heat soiutje 144 coiq>led to a solid 
element heat probe 148. The ohmic heat soiuce is also coupled through an insulating mount 152 
to a mechanical modulation device 156, such as a solenoid. In this configuration, a steady state 
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condition can be reached wherein the tip of the solid element probe will stabilize at some 
cquilibrimn temperature defined by the physical parameters of the structure, i.e., the temperature 
of the ohmic heat source, the length and diameter of the solid element, the temperature of the air 
surrounding the solid element , and the material of which the solid element is comprised. Once 
the desired tenq)eratuie is achieved, the modulation of the temperature of the selected area of an 
organism's biological membrane 160 is effected directly via tfie mechanical modulation device to 
alternatively place the hot tip of the wire in contact with flie biological membrane for, 
Iireferably, a 5 ms dn-Bme and then withdraw it into the air for, preferably, a 50 ms off-tinie. 

Anotfier illustrative example (FIG. 5), shows a device 1 70 comprising a current source 
174 coupled to a controller 178. The currmt source is coupled to a current loop 182 comprising 
a solid element 1 86 formed mto a structure such that it presents a high resistance point 
Preferably, the solid element is held on a mount 190, and an insulator 194 separates different 
parts of the current loop. The desired modulation of tcmpmXuxe is thcai achieved by merely 
modulating the current through the solid elemcmt. If the thermal mass of the solid element is 
appropriately sized and flie heat sinking provided by the electrodes connecting it to the current 
source is sufficient, the warm-up and cool-down times of the solid element can be achieved in a 
few milliseconds. Contacting the solid demerit witKa selected area of biological membrane 198 
heats the biological membrane to achieve tibe selected ablatioxL 

In FIG. 6 there is shown still another illustrative exan^le of porating flie biological 
membrane with a solid element heat probe. In this system 200, the solid element 204 can be 
positioned within a modulatable alternating magnetic field formed by a coil of wire 208, the 
excitation coil. By energizmg the alternating current in the excitation coil by means of a 
controller 212 coupled thereto, eddy currents can be induced in the solid element heat probe of 
sufficient intensity that it will be heated up directly via the internal ohmic losses. This is 
essentially a miniature version of an inductive heating system commonly used for heat treating 
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the tips of tools or inducing out-gassing firom the electrodes in vacuum or flash tubes. The 
advantage of the inductive heating method is that the energy delivered into the solid element heat 
probe can be closely controlled and modulated easily via the electronic control of the excitation 
coil with no direct electrical connection to the heat probe itself If the thermal mass of the solid 
element heat probe and the thermal mass of the biological membrane in contact witti the tip of 
the piobe are known, controlling the inductive energy delivered can allow precise control of the 
temperature at the contact point 216 with the biological membrane 220, Because the biological 
membrane tissue is essentially non-niagnetic at the lower frequencies at which inductive heating 
can be achieved, if appropriately selected frequencies are used in the excitation coil, then this 
alternating electromagnetic field will have no effect on the organism's tissues. 

If a mechanically controlled contact modulation is employed, an additional feature may 
be realized by incorporating a simple closed loop control system herein the electrical 
impedance between the probe tip and the subject's skin is monitored. In Ais maxma, the probe 
can be brought into contact with the subject's skin, indicated by the step-wise reduction in 
resistance once contact is made, and then held there for the desired "on-time," after v^diich it can 
be withdrawn. Several types of linear actuators are suitable for fliis form of closed loop control, 
such as a voice-coil mechanism, a single solenoid, a rotary system with a cam or bdl-crank, and 
the like. Hie advantage is that as the thermal ablation progresses, the position of the thermal 
probe tip cm be sunilarly advanced into the biological membrane, always ensuring good a 
contact to fecilitate the efficient transfer of the required thermal energy- Also, for poradon of 
skin, the change in the conductivity properties of the stratum corneum and the epidermis can be 
used to provide an elegant closed loop verification that the poration process is complete, i.e., 
when the resistance uidicates that the epidermis has been reached, it is time to stop the poration 
process. Similar changes in impedance can be used to control the depth of penetration to other 
layers as well. 
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FIG. 7 shows an illustrative example of such a closed loop impedance monitor. In this 
system 230, there is an ohmic heat source 234 coupled to a wire heat probe 238. The heat source 
is mounted through an insulating mount 242 on a mechanical modulator 246. A controller 250 is 
coupled to the wire and to the skin 254, wherein the controller detects changes in impedance in 
the selected area 258 of skin, and when a predetermined level is obtained the controller stops the 
poration process. 

Along the same line as hydraulic poration means are microlancets adapted to just 
penetrate the stratum comeum for purposes of administering a permeant, such as a drug, through 
the pore formed or to withdraw an analyte through the pore for analysis. Such a device is 
considered to be "minimally invasive" as compared to devices and/or techniques ^^ch are non- 
invasive. The use of micro-lancets that pmetrate below the stratum comeum for withdrawing 
blood are well known. Such devices are conun^ially available ftom manufacture such as 
Becton-Dickinson and Lifescan and can be utilized in the present invention by controlling the 
dq)th of penetration. As an example of a micro-lancet device for collecting body fluids, 
reference is made to Erickson et al.. International Published PCT Application WO 95/10223 
(published 20 April 1995). ITiis application shows a device for penetration uito or ttoough ttie 
dennal layer of the skin, without penetration into subcutaneous tissues, to collect bocfy fluids for 
monitoring, such as for blood glucose levels. 

Poration of a biological membrane can also be accomplished using sonic means. Sonic- 
poration is a variation of the optical means described above except ttiat, instead of using a li^ 
source, a very tightly focused beam of sonic energy is delivered to the area of the stratum 
comeimi to be ablated. The same levels of energy are required, i.e, a threshold of 70 mJ/cm^/50 
ms still must be absorbed. The same pulsed focused ultrasonic transducers as described in parent 
applications Serial Nos. 08/152,442 (now U.S. Patent No. 5,458,140) and 08/152,174 (now U.S. 
Patent No. 5,445,61 1 ) can be utilized to deliver the required energy densities for ablation as are 
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used in the delivery of sonic energy which is modulated in intensity, phase, or frequency or a 
combination of these parameters for the transdennal sampling of an analyte or the transdermal 
delivery of drugs. This has the advantage of allowing use of the same transduce to push a drug 
through the stratum comeiun or pull a body fluid to the surface for analysis to be used to first 
create a micro{x>re. 

. Additionally, electroporation or short bursts or pulses of electrical current can be 
delivered to the stratum comeum with sufficient eneigy to fomi micropores. Electroporation is 
known m the art for producing pores in biological membranes and electroporation instruments 
are commerci^y available. Thus, a |>erson of skill in this art can select an instnnnent and 
conditions for use thereof without imdue experimentation according to the guidelines provided 
hereixu 

The micropores produced in the biological membrane by the methods of the present 
invention allow high fhix rates of a variety of molecular wei^t thenq>eutic compounds to be 
delivered transmembranely. In addition, these non-traumatic microscopic openings into the body 
allow access to various analytes within the body, ^iiich can be assayed to detemiine their internal 
concentrations. 

Example 1 

In this example, skin samples were prepared as follows. Epidermal membrane was 
separated from hiunan cadaver whole skin by the heat*separatipn metiiod of Klingman and 
Christopher, 88 Arch. DennatoL 702 (1963), involving the e^^osure of the full thickness skin to 
a temperature of 60 * C for 60 seconds, after ^^ch time the stratum comeum and part of the 
epidermis (epidermal membrane) were gently peeled from the dermis. 



Example2 
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Heat separated stratum comeum san^les prepared according to the procedure of Example 
1 were cut into 1 cm^ sections. These small samples were than attached to a glass cover slide by 
placing them on the slide and applying an pressure sensitive adhesive backed disk with a 6 mm 
hole in the cento- over the skin sample. The samples were then ready for experimental testing. 
5 In some instances the skin samples were hydrated by allowing them to soak for sev^al hours in a 
neutral buffered phosphate solution or pure wat^. 

As a test of these untreated skin samples, the outputs of several different infrared laser 
diodes, emitting at roughly 810, 905, 1480 and 1550 nanometers were applied to Ae sanaple. 
The delivery optics were designed to produce a focal waist 25 ^m across with a final objective 
10 have a numerical aperture of 0.4. The total power deliva-ed to tiie focal point was measured to 
be between 50 and 200 milliwatts for the 8 10 and 1480 nm laser diodes, wiiich were cf^uible of 
operating in a continuous wave (CW) fiishion. The 905 and 1550 nm laser diodes were designed 
to pnxhice high peak power pulses rougjily 1 0 to 200 nanoseconds long at repetition rates up to 
5000 Hz. For the pulsed lasers the peak power levels ware measured to be 45 watts at 905 nm 
15 and3.5 watts at 1550 nm. 

Under these operating conditions, fliere was no apparent effect on die skin samples from 
any of the lasers. The targeted area was iUuniinated continuously for 60 seconds and flien 
examined microscopically, revealing no visible effects. In addition, the san:Q)le was placed in a 
modified Franz cell, typically used to test transdermal delivery systems based on chemical 
20 permeation enhancers, and the conductivity from one side of the membrane to the other was 
measured both before and aftw the irradiation by the laser and showed no change. Based on 
these tests which were run on skin sanq>les from four different donors, it was concluded that at 
these wavelengths the coupling of the optical energy into or through the skin tissue was so small 
that no effects are detectable. 
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Examples 

To evaluate the potential sensation to a living subject when illuminated with optical 
energy under the conditions of Example 2, six volunteers were used and the output of each laser 
source was applied to their fingertips, forearms, and the backs of their hands. In the cases of the 
8 1 0, 905 and 1 550 nm lasers, the subject was unable to sense when the laser was turned on or 
ofiF. In the case of the 1480 run laser, there was a some sensation during the illumination by the 
1480 imi laser operating at 70 mW CW, and a short while later a tiny blister was formed und^ 
the skin due to the absorption of the 1480 nm radiation by one of the water absorption bands. 
Apparently the amount of energy absorbed was sufGcient to induce the formation of the blister, 
but was not enough to cause the ablative removal of the stratum comeum. Also, the absorption 
of the 1480 nm light occurred predominantly in the de^>er, fiilly hydrated (85% to 90% water 
content) tissues of the epidermis and demiis, not the relatively dry (10% to 15% wata- content) 
tissue of the stratum comeurnu 

Example 4 

Having demonstrated the lack of effect on the skin in its natural state (Example 3), a 
series of chemical compounds was evaluated for effectiveness in absorbing the ligjit energy and 
then transferring this absorbed energy, via conduction, into or through the targeted tissue of the 
stratum comeum. Conq)ounds tested included India ink; "SHARPIE" brand indelible black, 
blue, and red marking i>ens; methylene blue; fuschian red; epolite #67, an absorbing compound 
developed for molding into polycarbonate lenses for protected laser goggles; tincture of iodine; 
iodine-polyvinylpyrrolidone conq>lcx ("BETADINE"); copper phthalocyanine; and printers ink. 

Using both of the CW laser diodes described in Example 2, positive ablation results were 
observed on the in vitro samples of heat-separated stratum comeum prepared according to 
Example 1 when using all of these products, however some performed better than others. In 
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particular the copper phthalocyanine (CPC) and the epolite #67 were some of the most effective. 
One probable reason for the siqjerior perfonnance of the CPC is its high boiling point of greater 
the SOO * C and the &ct that it maintains its solid phase up to this temperature. 

Examples 

As copper phthalocyanine has already been approved by the FDA for use in implantable 
sutures, and is listed in the Merck index as a rather benign and stabile molecule in regard to 
human biocompatability, the next step taken was to combine the topical application of the CPC 
and the focuised light source to the skin of healthy human volunteers. A suspension of finely 
ground CPC in isopropyl alcohol was prepared. The method of application used was to shake die 
solution and then apply a small drop at the target site. As the alcohol evaporated, a fine and 
uniform coating of the solid phase CPC was then left on the sur&ce of the skin. 

The apparatus show in FIG. 1 was then sailed to the site, wherein the CPC had been 
topically coated onto the skin, by placing the selected area of the individual's skin against a 
reference plate. The reference plate consists of a thin glass window roug^y 3 cm X 3 cm, with a 
4 mm hole in the center. The CPC covered area was then positioned such that it was within tfie 
central hole. A confocal video microscope (FIG. 1) was then used to bring the surface of ttie skin 
into sharp focus. Positioning the skin to achieve the sharpest focus on die video system also 
positioned it such that the focal point of tiie laser system was coincident with the surface of the 
skin. The operator then activated the pulses of laser light wt^e watching the effects at the target 
site on the video monitor. The amount of penetration was estimated visually by the operator by 
gauging the amoimt of defocusing of the laser spot in the micropore as the depth of the micropore 
increased, and this can be dynamically corrected by the operator, essentially following the ablated 
surface down into the tissues by moving the position of the camera/lasa: source along the "z" 
axis, into the skin. At the point when the stratum comeum had been removed dowu to the 
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epidermis, the appearance of the base of the hole changed noticeably, becoming much wetter and 
shinier. Upon seeing this change, the operator deactivated the laser. In many instances, 
depending on the state of hydration of the subject as well as other physiological conditions, a 
dramatic outflow of interstitial fluid occurred in response to the barrier function of the stratum 
comeum being removed over this small area. The video system was used to record this visual 
record of the accessibihty of interstitial fluid at the poration site. 

Example 6 

The prt>cedure of Example 5 was followed excq)t that the CPC was appUed to a 
transparent adhesive tape, which was then caused to adhere to a selected site on the sldn of an 
individual. The results were substantially similar to fliose of Example 5. 

Example? 

Histology experiments were performed on cadaver skin according to methods well known 
in the art to determine ablation threshold parameters for given dye mixtures and collateral 
damage information. The top suriace of the skin sample was treated with a solution of copper 
phthalocyanine (CPC) in alcohol. After the alcohol ev^orated, a topical layer of solid phase 
CTC was distributed over the skin surface with a mean thickness of 1 0 to 20 pm. FIG. 8 A shows 
a cross-section of full thickness skin prior to the laser application, \^dierein the CPC layer 270, 
stratum comeum ^74, and underlying q>idennal layers 278 are shown. FIG. 8B shows flie 
sample aftra* a single pulse of 8 1 0 run light was applied to an 80 um diameter curcle with an 
energy density of 4000 J/cm2, for a pulse period of 20 ms. It is noteworthy that there was still a 
significant amount of CPC present on the sur&ce of the stratum comeum even in the middle of 
the ablated crater i282. It should also be noted that laboratory measurements indicate that only 
about 10% of the light energy incident on the CPC is actually absorbed, vwth the other 90% being 
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reflected or backscattered. Thus the effective energy flux being delivered to the dye layer which 
could cause the 

desired heating is only about 400 J/cni2. 8C shows the sample after 5 pidses of 8 1 0 nm light 
were applied, wherein the stratum comeiun barrier was removed with no damage to the 
5 underlying tissue. These results are a good representation of the "ideal** optically modulated 
thermal ablation perTprmance. FIG. 8D shows the sample after 50 pulses were applied. 
Damaged tissue 286 was present in the epidermal layers due to carbonization of non ablated 
tissue and thermal denaturing of the imderiying tissue. FIGS. 8A-8C show sqparations between 
the stratum comeiun and the imderiying ^idermal layers due to an artifact of dehydration, 
10 freezing, and prq>aratiQns for imaging. 

Examples 

To exaniine the details of the thermal abkition mechanisni, a mathematical model of the 
skin tissues was constructed upon which various different embodiments of the thermal ablation 

15 method could be tried. This model computes the temperature distribution in a layo^ semi- 
infinite medium with a specified heat flux iapxxt locally on &e surface and heat removal from ttie 
surface some distance away, Le. convection is ^iplied betwem the two. The axisymmetric, time- 
depoident diffusion equation is solved in cylindrical coordinates using the alteroating-direction- 
implicit (API) method. (Note: Constant Temp. B.C. is applied on lower boundary to serve as z- 

20 >inf, and zero radial heat flux is applied on max radial boundary to serve as r->inf). The layers 
are parallel to the surface and are defined as: (1) dye; (2) stratum comeum; (3) underlying 
epidermis; and (4) dermis. The depth into the semi-infinite medium and thermal properties, 
density (iho), specific heat (c), and conductivity (k) must be specified for each layer. 

First, a heat-transfer coefficient, h, on the skin is computed based on the "steady," " 1 -D," 

25 temperature distribution determined by the ambient air temperature, skin sxuface temperature, 

SUBSTTTUTE SHEET (RULE 26) 



wo 98^9134 PCT/US97/24127 

58 

and dermis temperature. It is assumed that there is no dye present and provides "h" on the skin 
surface. The program then allows one to use this "h" on the dye layer surface or input another 
desired "h" for the dye siuface. Next, the "steady" temperature distribution is computed 
throughout all layers (including the dye layer) using the specified "h" at the dye sur&ce. This 
temperature distribution is the initial condition for the time-dependent heating problem. This 
constitutes the "m-file" initial.m. The program then solves for the time-dependent temperature 
distribution by marching in time, computing and displaying the ten:^>erature field at each step: 

Each embodiment of the method described hereto, for i^ch empirical data have been 
collected, has been modeled for at least one set of operational parameters, showing how stratum 
comeum ablation can be achieved in a precise and controllable fashion. The ou^ut of the 
simulations is presented graphically in two different formats: (1) a cross-sectional view of the 
skin showing the difiPerent tissue layers with three isothmns plotted on top of this view \^ch 
define three critical temperature thresholds, and (2) two differrat temperature -vs- time plots, one 
for the point in the middle of the stratum comeum directly beneath the target site, and the second 
for the point at the boundary of the viable cell layers of the epidermis and the underside of the 
stratum comeum. These plots show how the traiperature at each point varies widii time as the 
heat pulses are applied as if one could implant a microscopic thermocouple into the tissues. In 
addition, the application of this model allows investigation of the parametric limits within which 
the method can be employed to set the outer limits for two important aspects of the methods 
performance. First, general cases are presented cases that define the envelope within which tiie 
method can be employed without causing pain or undesired tissue damage. 

For any given heat source, as described in the several different embodiments of the 
invention, there is a point at which the effect on the subject's skin tissues becomes non-optimal in 
that the subject perceives a pain sensation, or that the viable cells in the underlying epidermis 
and/or dermis sustain temperatures, which if maintained for a long enough duration, will render 
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damage to these tissues. Accordingly, a test simulation was run using the opticaUy heated 
topical copper phthalocyanine (CPC) dye embodiment as a baseline method to establish how the 
thermal time constants of the different skin tissue layers cssaitially define a window within 
which the method can be employed without pain or damage to adjacent tissue layers. 

FIGS. 9 and 10 show schematic cross-sectional views of the skin and the topical ctye 
layca*. hi each figure, three distinct isotherms are displayed: (1) 123 C, the point at which 
vaporization of the water in the tissue produces an ablation of the tissue; (2) 70 C, the point at 
which viable cells will be damaged if this temperature is maintained for sev«al seconds; and (3) 
45 C, the average point at which a sensation of pain will be perceived by the subject This pain 
threshold is described in several basic physiology texts, but ejqjerience shows this ttreshold to be 
some^t subjective. In feet, in repeated tests on the same individual, different poration sites 
wittin a few millimeters of each other can show significantly diffCTent amounts of sensation, 
possibly due to the proximity to a nerve ending in relationshq> to the poration site. 

The dimensions on the gr^hs show the different layers of the dye and skin, as measured 
in rn, with flat boimdaries defining them. Whaneas the actual skin tissues have much more 
convoluted boundaries, in a mean sense for the dimensions involved, the model provides a good 
approximation of the thermal gradients present in the actual tissues. The dimensions used m this, 
and all subsequent simulations, for the thicknesses of the CPC dye layer and the various skin 
layCTS are as follows: dye, 10 nu stratum comeum, 30 m; underlying epidermis, 70 m;and 
dermis, 100 m. 

Additional conditions imposed on the model for this particular simulation are shown in 
the following tables: 
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Table 1 



Initial Conditions for Finite Difference Thermal Model 



Ambient Air Temperature 


Ta = 20C 


Skin Surfece Temperature 


Ts = 30 C 


Dennis Temperature 




Dye Vaporization Temperature 


Tvap = 550 C 


S.C, Vaporization Temperature 


Tel = 123 C 


Tissue Damage Temperature 


Tc2 = 70C 


"Pain" Temperature 


Tc3 = 45C 


Radius of Irradiated Area 


Rhot = 30 m 


Energy Density Applied 


FLUX = 400 Joules/cm^ 


Table2 





Parameter 


Dye 


S.C. 


Epidermis 


Dermis 


Thermal 


0.00046 


.00123 


0.00421 


0.00421 


Conductivity 










Density 


0.67 


1.28 


1.09 


1.09 


Specific Heat 


0.8 


1.88 


3J5 


3J5 



When these simulations are run, the following conservative assimiptions are imposed: 

1. While some port^>n of the stratum comeum may be shown as having a 
temperature already exceeded the ablation threshold for thermal v£^rization of the water 
content, this event is not modeled, and the subsequent loss of heat energy in the tissues due to 
this vaporization is not factored into the simulation. This will cause a sligjit elevation in flie 
temperatures shown in the underlying tissues from Aat point on in the s imulati on run. 

2. Similarly, when some portion of the copper phthalocyanine (CPQ dye layer is 
shown to have reached its v^orization point of 550**C, this event is not modeled, but the 
temperature is merely hard-limited to this level. This will also cause a slight elevation of the 
subsequent temperatures in the underlying layers as the simulation progresses. 

Even with these simplifications used in the model, the correlation between the predicted 
performance and the empirically observed performance based on both clinical studies and 
histological studies on donor tissue sanq)les is remarkable. The key data to note in FIGS. 9 and 
10 are the length of time which the heat pulse is applied, and the location of the three different 
threshold temperatures displayed by the isotherms. 
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In FIG. 9, with a pulse length of 21 milliseconds, the 70 * C isotherm just crosses the 
boimdary separating the stratimi comeum and the viable cell layers in the epidermis. In in vitro 
studies on donor skin samples under these conditions, fifty pulses of thermal energy delivered SO 
milliseconds apart cause detectable damage to this top layer of living cells (see FIG. 8D), 
However, it was also shown in the in vitro studies that five pulses of heat energy at these same 
operating parameters, did not produce any significant damage to these tissues. It seems 
reasonable diat even though the nominal damage threshold may have been exceeded, at least in a 
transient sense, this temperature must be maintained for some cumulative period of time to 
actually cause any damage to the cells. Nevertheless, the basic information presented by the 
simulation is that if one keeps the "on-time" of the heat pulse to less than 20 milliseconds with 
the flux density of 400 Joules/cm^, then no damage to the living cells in the underlying epidermis 
will be sustained, even though the ablation threshold isothmn has been moved well into or 
through the stratum comeum. In other words, by using a low flux dmsity thermal energy source, 
modulated such that the "on time" is suitably short, ablation of the stratum comeum can be 
achieved without any damage to the adjacent cells in the und^ying epidennis (see FIG. 8C). 
This is possible in large part due to the significantly diffract thermal difiusivities of these two 
tissues layers. That is, the stratum comeum, containing only about 10% to 20% water content, 
has a much Iowct thermal conductivity constant, 0.00123 J/(S*cm*K), than flie 
.00421 J/(S*cm*K) of the epidennis. This allows the temperature to build up in the stratmn 
comeum, v/bile maintaining a tight spatial definition, to the point at which ablation will occur. 

In FIG. 1 0, the same simulation scenario started in the damage threshold critical point run 
illustrated in FIG. 9 is carried out farther in time. By leaving the heat pulse on for 58 
milliseconds at the same flux density of 400 Joules/cm^ within the 60 |im diameter circle of dye 
being heated, the pain sensory isotherm at 45 * C just enters the irmervated layer of skin 
comprised by the dermis. In addition, the damage direshold isotherm moves significantly farther 
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into the epidermal layer than where it was shown to be in FIG. 9. Relating this simulation to the 
numerous clinical studies conducted with this method, an excellent verification of the model's 
accuracy is obtained in that the model shows almost exactly the duration of *on-time' that the 
heat probe can be applied to the skin before the individual feels it hi clinical tests, a controllable 
pulse generator was used to set the "on-time** and "off-time" of a series of lig^t pulses i^lied to 
the topical layer of copper phthalocyanine (CPC) dye on the sldn* Whfle maintaining a constant 
"off-time" of 80 milliseconds, the "on-time" was gradually increased until the subject reported a 
mild "pain" sensation. Without exception, all of the subjects involved in these studies, reported 
the first "pain" at an "on-time" of between 45 and 60 milliseconds, very close to that predicted by 
the model. In addition, the site-to-site yaiiability mentioned previously as regards the sensation 
of '*pain" was noted in these clmical studies. Accordingly, ^^iiat is reported as "pain" is the point 
at which the first unambiguous sensation is noticeable. At one site this may be reported as pain, 
whereas at an adjacent site the same subject may Tcpart this as merely "noticeable." 

One element of this clinical research is the realization that even at the same site, a non- 
uniform pulse-train of heat pulses may work with the subject's psycho^physiological neuro- 
perception to cause a genuine reduction in perceived sensation. For exanq)le, a series of shorter 
length heat ptilses can be used to saturate flie neurons hi the area, momentarily dq>leting the 
neuro-transmittcrs available at this synaptic junction and therefore limitmg the ability to send a 
••pain" message. This then allows a longer pulse following these short pulses to be less 
noticeable than ifit were applied at the beginning of the sequence. Accordmgly, a series of 
e>q>eriments was conducted with some arbitrarily created pulse trains, and the results were 
consistent with this hypothesis. An analogy for this situation might be found in the perception 
when one first steps mto a very hot bath that is pamfiil at first, but quickly becomes tolerable as 
one acclimates to the heat sensation. 
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Example 9 

An object of this invention is to achieve a painless, micro-poration of the stratum 
comeum without causing any significant damage to the adjacent viable tissues. As described in 
the simulation illustrated in Example 8 and FIGS. 9-10, a boundary appears to exist for any given 
flux density of thermal energy within the ablation target spot within ^^ch the micro-poration 
can be achieved in just such a painless and non-traumatic maimer. Both the in vivo aiui in vitro 
studies have shown that this is the case, and this has permitted development througji en^)irical 
methods of some operational parameters that appear to work very well. The following set of 
simulations shows how the method worlcs v/bm these specific parameters are used. 

In the first case, a pulse train often pulses, 10 milliseconds "on-time" s^arated by 10 
milliseconds "ofiF-time" is applied to the CPC-covered skm. FIG. 1 1 shows the final temperature 
distribution in the skin tissues iinmediately after this pulse traiii has ended. As can be seen, the 
isotherms representing the three critical temperature thresholds show that stratum comeum 
ablation has been achieved, with no sensation present in the d^mal layer nerves and very little 
cross-over of the damage direshold into or through the viable cells of the imdCTlying epidermis. 
As meationed previously, it appears that to actually do permanent cell damage, the epidennal 
cells must not only be heated iq> to a certain point, but they also must be held at this temperature 
for some period of time, generally thougjit to be about five seconds. FIGS. 12 and 13 show the 
ten:9>erature of the stratum comeimi and the viable ^idermis, respectively, as a function of time, 
showing heating during the "on-time" and cooling during the "off-thne" for the entire ten cycles. 
Relating tiiis simulation to the in vivo studies conducted, note that in better than 90% of the 
poration attempts with the system parameters set to match the simulation, effective poration of 
the stratum comeum was achieved without pain to the subject, and in subsequent microscopic 
examination of the poration site several days later, no noticeable damage to the tissues was 
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apparent. The in vitro studies conducted on whole thickness donor skin samples were also 
consistent with the model's prediction of beha^^or. 

Example 10 

5 In conducting both the empirical in vivo studies, and these simulatioMi it appears t^ 

prechilling of the skin aids in optimizing the micro-poration process for reducing the probability 
ofpain or damage to adjacent tissues. In practice, this can easily be achieved using a simple 
cold-plate placed against the skin prior to the poration process. For example, applying a Peltier 
cooled plate to the 1 cm diameter circle surrounding the poration target site, with the plate held at 

10 roughly 5 • C for a few seconds, significantly reduces the temperature of the tissues. A schematic 
iUustration of an experimental device used for this purpose in the laboratory is shown inFIGS. 

3 A-B. By applying exacUy Ae same ten-cycle pulse train as used in the run ilhistrated in 
Example 9, one can see. by con^aring no. 1 1 to no. 14, FIG. 12 to HG. 15. and FIG. 13 to 

no. 1 6, how much improvement can be made in the control of the temperature penetration into 
15 or through the skin tissues. Once again, the relatively low thermal diffusivity and specific heat of 
the stiamm comeum as compared to the epidermis and dermis is advantageous. Once cooled, the 
highly hydrated tissues of die epidennis and dermis require a much larger thermal energy input to 
elevate their temperatures, whereas the stratum comeum. with its relatively diy makeup, can 
quickly be heated iq) to the ablation threshold. 



20 



Example 11 

Once the basic thermal conduction mechanism of delivering the energy into or through 
the skin tissues underlying the effective painless ablation and micro-poration of the stratum 
comeum is understood, several different specific methods to achieve the required rapid 
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temperature modulations of the contact point can be concdved, such as the hot wire 

embpdimoits illustrated in FIGS. 4-7. 

A basic embodiment, as described herein, uses an Ohmic heating element (FIG. 4), such 

as the tip of a small cordless soldering iron, with a suitably sized, relatively non-reactive, wire 
5 wrapped around it with a short amount of die wire left to protrude away fiom the body of flic 
heater. Whenelectricity is applied witii a constant current source, tiie heater will come up to 
some temperature and witiiin a few seconds, achieve a steady state with the convection losses to 
die surrounding air. Similarly, the wire, which is a part of tiiis thermal system, wfll reach a 
steady state such that the very tip of die wire can be raised to ahnost any arbitrary temperature, up 
10 to roughly 1000 * C with these types of components. The tip can be sized to give exactiy the 
dimension micropore desired. 

In die laboiatoiy, tungsten wires wifli a diamet» of 80 mn attached to the r^laceable tip 
of a "WAHL" cordless soldering iron witii approximately 2 mm of wire protruding fiom the tip 

have been utilized. Witii a thermocouple, die temperature of die tip has been measured at its 
15 steady state, and it has been noted fliat by varying die constant current settings, steady state 

temperatures of greater dian 700 ' C can easily be reached. To achieve the desired modulation, a 
low mass, fast response electromechanical actuator was coupled to the tip such tiiat die position 
of die wire could be translated linearly more tiian 2 mm at iqi to a 200 Hz rate. Then, by 
mounting die entire apparatus on a precision stage, diis vibrating tip could very controUably be 
20 brought into contact widi die skm surface in a mannw where it was only in contact for less dian 
10 miUiseconds at a time, die "on-time," whUe an "off-time" of arbitrarily long periods could be 
achieved by setting die pulse generator accordingly. These in vivo studies showed diat die 
poration could actually be achieved before die subject being porated even knew tiiat die tip of die 
wire was being brought into contact with the skin. 



SUBSTITUTE SHEET (RULE 26) 



wo 98/29134 PCT/US97/24127 

66 

To compare the performance of this embodiment to the optically heated topical CPC dye 
embodiment, the following simulations were run according to the procedure of Example 8. 
Essentially, by only varying the initial conditions, the hot wire embodiment can be nm with the 
identical simulation code. Because the contact with the wire occurs essentially instantiy, there is 
no time dependent build-up of heat in the CPC dye layer and when the wire is physically 
removed from contact with the skin, there is a no residual heat still left on the surface as there is 
with the heated CPC dye layer. Also, as the wire itself defines the area targeted for 
ablation/micro-poration, there should be no lateral diffusion of thermal energy prior to its 
application to the stratum comeum. The comparative performances of the "hot- wire" 
embodiment arc shown in FIGS. 17-19. 

Exanq>Ie 12 

In this example, the procedure of Exan^le 1 1 was followed except that the skin was pre- 
cooled according to the procedure of Example 10. Similarly, pre-cooling the target site yields 
similarly positive results with the "hot-wire" embodiment The results of the pre-cooled 
simulation of the **hot-wire" approach are shown in FIGS. 20-22. 

Example 13 

As discussed in the background introduction of this disclosure, the Tankovich '803 patent 
appears at first glance to be similar to the presently claimed invention. In this example, the 
simulation model was set up with the operating parameters specified in Tankovich '803, i.e. a 
pulse width of 1 s and a power level of 40,000,000 V//cm\ FIGS. 23 and 24 show that undo- 
these conditions no portion of the stratum comeum reaches the threshold for flash vaporization of 
water, 123 C, and thus no ablation/microporation of the stratum comeum occius. In practice, 
applying this type of high peak power, short duration pulse to the topical dye layer merely 

SUBSTITUTE SHEET (RULE 26) 



W098«9134 PCT/US97/24127 

67 

vaporizes the dye off of the surface of the skin with no effect on the skin. This example/thus, 
demonstrates that the conditions specified by Tankovich '803 are inoperative in the presenUy 
claimed invention. 

Example 14 

In this example, interstitial fluid obtained after porating the skin according to Ae 
procedure of Example 6 was collected and analyzed to determine the glucose concentration 
fliereof. Data were obtained on four non-diabetic subjects and six type I diabetic subjects 
undergoing a glucose load test. Subject's ages ranged fiom 27 to 43. The goal of the study was 
to examine the utiUty of the method for painlessly harvesting enough interstitial fluid (ISF) fixnn 
the subjects to allow the ISF samples to be assayed for glucose content, and then con^are these 
concentrations to the glucose level presenting m tiie subject's whole blood. 

AU subjects had both the blood and ISF glucose assays p«formed with tiie 'nJTE" 
system fiom Miles-BayCT. All ten subjects underwent identical measurement protocols, witii 
adjustments being made Hoarding the glucose load and insulin shot for those subjects with 
insulin dq>endent diabetes. 

The basic design of tfies study was to reciuit a modest number of volunteers, some with 
diabetes and some without diabetes, from which a series of sample pairs of ISF and whole Wood 
were drawn every 3 to 5 minutes throughout the 3 to 4 hour duration of the study period. Botii 
the blood and die ISF san«)les were assayed for glucose and die statistical relationship between 
die blood glucose levels and die interstitial fluid determined. To examine die hypodiesized 
temporal lag of the ISF glucose levels as compared to die whole blood glucose levels, die study 
subjects were induced to exhibit a significant and dynamic change in their glucose levels. This 
was accomplished by having each subject fast for 12 hours prior to beginning die test and dicn 
giving die subject a glucose load after his or her baseline glucose levels have been estabUshed via 
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a set of three fasting blood and ISF glucose levels. After the baseline levels had been 
established, the subjects were given a glucose load in the form of sweet juice based on the 

following guidelines: 

i. For the control subjects, the glucose load was calcidated based on a JS 

gram glucose per pound of body wei^it 

ii. For the subjects with insulin dependent diabetes the glucose load was 50 
grams of glucose. In addition, immediately after taking the glucose load die diabetic 
subjects will self inject their nomial morning dose of fast acting insulin. In the case 
where the diabetic subject presents widi festing glucose levels above 300 mg/dL, they 
were asked to give themselves their insulin injection first, and the glucose load was 
provided after their blood glucose levels have dropped to below 120 mg^dL. 

Each subject recriiited was first given a coiiq)lete description of the study m 
"Infonncd Consent" document which they were required to understand and sign before fliey wese 
officially enrolled into the program. Upon acceptance, they completed a medical history 
questionnaire. The detailed cluneal iwocedure in4)lemented was: 

(a) Subject fasted from 9:00 p jn. the nigjit before the study visit, consuming only 
water. No caffeine, cigarettes, fiiiit juice were allowed during this period. 

(b) Subject arrived at the testing fiacility by 9:00 ajDL the next day. 

(c) Subject was seated in a reclining chair provided for the subject to rcliax in 

throughout the study procedure. 

(d) Both whole blood and ISF samples were taken at three to five minute mtervals 

beginnmg upon the subject's arrival and continuing for the next Aree to four hours. The duration 
over which the data wctc collected was based on vfbsa the subject's blood glucose levels had 
returned to the normal range and stabilized afta- the glucose load The ISF samples were 
harvested using the optical poration, ISF pumping method, described in more detail below. Each 
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ISF sample was roughly 5 pL by volume to ensure a good fill of the ELITE test strip. The blood 
samples were obtained via a conventional finger prick lancet Both the ISF and the blood 
samples were immediately assayed for glucose with the ELITE home glucometer system fit)m 
Miles-Bayer. To improve the estimate of the *true' blood glucose levels, two separate ELITE 
assays were be done on each finger stick sanyjle. 

(e) To fecilitate the continued collection of the ISF firom the same site thioug^-out the 
entire data collection phase for a given individual, a 5 by 5 matrix of twenty five micropores was 
created on the subject's upper forearm, each micropore being between 50 and 80 \un across and 
spaced 300 apart A 30 jmi diameter teflon disk with a 6 mm hole in the center was attached 
to the subject's forearm with a pressure sensitive adhesive and positioned such that the 6 mm 
centCT hole was located over the 5 by 5 matrix of micropores. This attachment allowed a 
convenient method by vMch a small suction hose could be connected, applying a mild vacuum 
(10 to 12 inches of Hg) to the porated area to mduce the ISF to flow out of the body througji the 
micropores. The top of the teflon disk was fitted with a clear glass window allowing the operator 
to directly view the micro-poratcd skin beneath it When a 5 pL bead of ISF was formed on the 
surfece of the skin, it could easily be ascertained by visually monitoring the site througji tiiis 
window. This level of vacuum created a nominal pressure gradient of around 5 pounds/square 
inch (PSI). Without the micropores, no ISF whatsoever could be drawn from ttie subject's body 
using only the mild vacuum. 

(f) After the first three sample pairs have been drawn, the subject was given a glucose 
load in the forai of highly sweetened orange juice. The amount of glucose given was 0.75 grams 
per pound of body weigbt for the nondiabetic subjects and 50 grams for the diabetic subjects. 
The diabetic subjects also self administered a shot of fast acting insulin, (regular) with the dosage 
appropriately calculated, based on this 50 gram level of glucose concurrent with the ingestion of 
the glucose load. With the normal 1 .5 to 2.5 hour lag between receiving an insulin shot and the 
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maximum effect of the shot, the diabetic subjects were expected to exhibit an upwards excursion 
of their blood glucose levels ranging up to 300 mg/dL and then dropping rapidly back into the 
normal range as the insulin takes effect The nondiabetic subjects were expected to exhibit the 
standard glucose tolerance test profiles, typicaUy showing a peak in blood glucose levels between 
150 mg/dL and 220 mg/dL from 45 minutes to 90 minutes after administering the glucose load, 
and then a rapid drop back to their normal baseline levels over the next hour or so. 

(g) Following the administration of the glucose load or glucose load and insulin shot, 
the subjects had san^)les drawn, simultaneously, of ISF and finger prick whole blood at five 
minute intervals for the next three to four hours. The sampling was terminated when the blood 
ghicose levels in three successive samples indicate that the subject's glucose had stabilized. 

Upon examination ofthe data, several features wCTcapparenL In particular, for any 
spedfic batch of ELITE test strips, thrae exist a distinct shift in the output shown on the 
geometer in mg/dL glucose as compared to the level indicated on the blood. An elevated 
reading would be ejqjected due to the lack of hematocrit in the ISF and to the normal diffCTWices 
in the electrolyte concentrations between the ISF and whole blood. Regardless ofthe underlying 
reasons for this shift in output, it was determined via comparison to a refereiice assay tiiat the 
true ISF glucose levels are linearly related to flie values produced by the EUTE system, wifli tiw 
scaling coefficients constant for any specific batch of ELITE srtrips. Consequently, for the 
con^son ofthe ISF glucose levels versus the whole blood measurements, first order linear 
correction was aijplied to the ISF data as follows: ISFgiucose = 0.606 * ISFeute + 19.5. 

This scaling ofthe output ofthe ELITE glucometcr ^en used to measure ISF glucose 
levels, allows one to eacamine, over the raitire data set, Ae error terms associated with using ISF 
to estimate blood glucose levels. Of course, even with no linear scaling 'wiiatsocver, the 
correlations between the ISF glucose values and the blood glucose levels are the same as the 
scaled version. 
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Based on the majority of the published body of literature on the subject of ISF glucose as 
well as preliminary data, it was originally expected that a 1 5 to 20 minute lag between the ISF 
glucose levels and the those presented in the whole blood from a finger stick would be observed. 
This is not what the data showed when analyzed Specifically, when each individual's data set is 
analyzed to determine the time shift required to achieve the maximimi correlation between the 
ISF glucose levels and the blood glucose levels it was discovered that the worst case time lag for 
this set of subjects was only 13 minutes and die average time lag was only 62. minutes, with 
several subjects showing a temporal tracking that was ahnost instantaneous (about 1 mumte). 

Based on the TniTn'mal amount of lag observed in this data set, the graph shown in FIG. 
25 presents all ten of the glucose load tests, concatenated one after another on an extended time 
scale, the data are presented with no time shifting whatsoever, showing the higji level of 
tracking between the ISF and blood glucose levels die mtiie clinical data set being dealt widi m 
exactly the same manner. If the entire data set is shifted as a \*^ole to find the best temporal 
tracking estimate, the correlation between the ISF and blood glucose levels peaks with a delay of 
two (2) minutes at an r value of r=0.97. This is only a trivial improvement fiom the unshifted 
correlation of r=0.964. Therefore, for the remaindo- of die analysis the ISF values are treated 
with no time shift unposed on them- That is. each set of blood and ISF glucose levels is dealt 
with as simultaneously collected data pairs. 

After the unshifted EUte ISF readings had been scaled to reflect the proportional glucose 
present in the ISF, it was possible to examine die error associated with these data. The simplest 
method for this is to assume that the average of the two ELITE finger-stick blood glucose 
readings is in fact die absolutely correct value, and then to merely conqiare the scaled ISF values 
to these mean blood glucose values. These data are as follows: Standard Deviation Blood-ISF, 
13.4 mg/dL; Coefficient of Variance of ISF, 9.7%; Standard Deviation of die Two Elites, 8.3 
mg/dL; and Coefficient of Variance of Blood (Miles), 6%, 
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As these data show, the blood based measurement akeady contains an error term. Indeed, 
the manufacturer's published performance data indicates that the ELITE system has a nominal 
Coefficient of Variance (CV) of between 5% and 7%, depending on the glucose levels and the 
amoimt of hematocrit in the blood. 

An additional look at the difference term between the ISF glucose and the blood glucose 
is shown in the form of a scatter plot in FIG. 26. In this figure, the upper and lower bounds of 
the 90% confidence interval are also displayed for reference. It is interesting to note that with 
only two exceptions, all of the data in the range of blood glucose levels below 100 mg/dL fall 
within these 90% confidence interval error bars. This is in^)ortant as the consequences of 
missing a trend towards hypoglycemia would be very significant to the diabetic user. That is, it 
would be much better to under-predict glucose levels in the 40 to 120 mg^dL than to over predict 
than. 

Essentially, if one assumes that the basic assay error whca the ELITE system is used on 
ISF is coix^)arable to the assay error associated wifli the ELITE'S use on whole blood, then the 
Deviation of the ISF glucose ftom the blood glucose can be described as: 
ISFdeviMta = [(ISF«:o«d)^ + aSF«^ 

Applying this equation to the values shown above, one can solve for the estimated •true' 
value of die ISF otot term: 

ISFactual = [(ISFdcviaiion)^ - (Bloodactual) 

r. , 

Or, solving the equation, 

ISF,ctu«i = [(13.4)^ - (8.3f = 10.5 mg/dl. 

A histogram of the relative deviation of the ISF to the blood glucose levels is shown in 
FIG.27. 
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Drug Delivery through Pores in the Biological Membrane 

The present invention also mcludes a method for the delivery of drugs, including drugs 
currently delivered transmembrane, through micropores in the stratum comeum or other 
biological membrane. In one iUlustrative embodiment, the delivery is achieved by placing the 
solution in a reservoir over the poration site. In another illustrative embodiment, a pressure 
gradient is used to further enhance the delivery. In still another illiistrative embodiment, sonic 
energy is used with or without a pressure gradient to further enhance the delivery. The sonic 
energy can be operated according to traditional transdermal parameters or by utilizing acoustic 
streaming effects, which will be described momentarily, to push the delivery solution through the 
poratcd biological membrane. 

ExaixQ)le 15 

This example shows the use of stratum comeum poration for the delivery of lidocaine, a 
topical analgesic. The lidocaine solution also contained a chemical permeation enhance 
formulation designed to enhance its passive diffusion across the stratum comeunL A drawing of 
an illustrative delivery apparatus 300 is shown in FIG. 28, wherein the q)parBtus comprises a 
housing 304 enclosing a reservoir 308 for holding a drug-containing solution 3 12. The top 
portion of the housing comprises an ultrasonic transducer 3 16 for providing sonic energy to aid 
in transporting the drug-containing solution through micropores 320 in the stratum comeum 324. 
A port 328 in the ultrasonic transducer permits application of pressure thereto for further aiding 
in transporting the dmg-containing solution through the micropores in the stratum comeum. Hie 
delivery apparatus is applied to a selected area of an individual's skin such that it is positioned 
over at least one, and preferably a plurality, of micropores. An adhesive layer 332 attached to a 
lower portion of the housing permits the apparatus to adhere to the skin such that the drug- 
containing solution in the reservoir is in liquid communication with the micropores. Delivery of 

SUBSTITUTE SHEET (RULE 26) 



wo 98/29134 PCr/US97/24127 

74 

the drug through the micropores results in transport into the underlsdng epidermis 336 and dermis 
340, 

Five subjects were tested for the effectiveness of drug delivery using poration together 
with ultrasound. The experiment used two sites on the subjects left forearm about three inches 

5 apart, equally spaced between the thxraib and i:5)per arm. The site near the thumb will be referred 
to as site 1 die site furthest from the thumb will be referred to as site 2. Site I was used as a 
control where the lidocaine and enhancer solution was applied using an identical delivery 
^Tparatus 300, but without any micro-poradon of the stratum comeum or sonic energy. Site 2 
was porated with 24 holes spaced 0.8 millimeters apart in a grid contained within a 1 cm 

10 diameter circle. The micropores in Site 2 were generated according to die procedure of Example 
6. Lidocaine and low level ultrasound were applied. Ultrasound plications were made with a 
custom manufactured Zevex ultrasonic transducer assembly set in burst mode with 0.4 Volts 
peak to peak ii^ut with 1000 count bursts occurring at 10 Hz with a 65.4 kHz fundamental 
frequency, i.e., a pulse niodulated signal with the transducer energized for 15 millisecond bursts, 

15 and then turned off for the next 85 milliseconds. The measured output of die an:q)iifier to the 
transducer was 0.090 watts RMS. 

After ^plication of the lidocaine, sensation measurements wctc made by nibbing a 30 
gauge wire across the test site. Experimmts were executed on both sites. Site 1 for 10 to 12 
minute duration and Site 2 for two 5 minute duration intervals applied serially to the same site. 

20 Both sites were assessed for numbness using a scale of 10 to 0, where 10 indicated no numbness 
and 0 indicated complete numbness as reported by the test subjects. The following summary of 
results is for all 5 subjects. 

The control site, site 1, presented litde to no numbness (scale 7 to 10) at 10 to 12 minutes. 
At approximately 20 minutes some numbness (scale 3) was observed at site 1 as the solution 

25 completely permeated the stratum comeum. Site 1 was cleaned at the completion of the 
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lidocaine application. Site 2 presented nearly complete numbness (scale 0 to 1) in the 1 cm circle 
containing the porations. Outside the 1 cm diameter circle the numbness fell offahnost linearly 
to 1 at a 2.5 cm diameter circle with no numbness outside the 2.5 cm diameter circle. 
Assessment of site 2 after the second application resulted in a sUghfly larger totally numb circle 
of about 1.2 cm diameter with numbness falling off linearly to 1 in an irregular oval pattern with 
a diameter of 2 to 2.5 cm perpendicular to the forearm and a diameter of 2 to 6 cm paraUel to tfie 
forearm. Outside the area no numbness was noted. A graphic representation of illustrative 
results obtained on a typical subject is shown in HGS. 29A-C. HGS. 29A and 29B show the 
results obtained at Site 2 (porated) after 5 and 10 minutes, respectively. FIG. 29C shows the 
results obtained at Site 1 (control with no poration). 

Sonic Energy and Enhancers for Enhancmg Transdermal Flux 

The physics of sonic energy fields created by sonic transducers can be utilized m a 
method by which sonic fiequency can be modulated to improve on flux rates achieved by bflier 
methods. As shown m FIG. 1 of U.S. Patent No. 5,445.61 1. hereby incorporated herein by 
reference, tiie energy distribution of an sonic transducer can be divided into near and fer fields. 
The near field, characterized by length N. is the zone fiom tiie first energy minimum to the last 
energy maximum. The zone distal to the last maximum is the far field. The near (N) field 
pattern is dominated by a large number of closely spaced local pressure peaks and nulls. The 
length of the near field zone. N, is a fimction of tiie frequency, size, and shape of the transducer 
face, and the speed of sound in the medium through which the ultrasound ttavels. For a single 
transducer, intensity variations within its normal operating range do not affect the nature of the 
sonic energy distribution otiier tiian in a linear fashion. However, for a system witii multiple 
transducers, all being modulated in botii fiequency and amplitude, the relative intensities of 
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separate transducers do affect the energy distribution in the sonic medium, regardless of whetho- 
it is skin or another medium. 

By changing the frequency of die sonic energy by a modest amount, for example in the 
range of about 1 to 20%, the pattern of peaks and nulls remains relatively constant, but tfie lengdi 

5 N of the near field zone changes in direct proportion to the fiequency. Major changes the 

frequency, say a factor of 2 or more, will most likely produce a different set of resonances or 
vibrational modes in the transducCT, causing a significantly and m^nedictably different near field 
oiergypattOTL Thus, with a modest changein the sonic iftcquency, the complex pattran of peaks 
and nuUs is compressed or e:q>anded in an accordion-like manner. By selecting the direction of 

10 frojuency modulation, the direction ofshiftofthese local pressure peaks can be controUed. By 
applying sonic energy at the surface of the skin, sdective modulation of the sonic frequency 
controls movement of these local pressure peaks through the skin.eitiier toward the interior of die 
body or toward the surfece of tiie body. A fiequency modulation from hi^ to low drives the 
pressure peaks into die body, whereas a frequency modulation from low to hi^ pulls die 

15 pressure peaks from witiiin die body toward die surfiice and through the skin to the outside of the 
body. 

Assuming typical parameters for tiiis application of, for example, a 1.27 ran diameter 
sonic transducer and a nominal operating frequency of 1 0 MHz and an acoustic impedance 
sunilar to diat of watw, a frequency modulaticm of 1 MHz produces a movement of about 2.5 
20 mm of the peaks and nulls of die near field energy pattern in die vicmity of die stratum comeunL 
From the perspective of transdermal and/or transmucosal withdrawal of analytes. this degree of 
action provides access to die area well below die sttatum comeum and even die ^idermis, 
dermis, and odier tissues beneadi it. For any given transducer, there may be an optimal range of 
frequencies widiin which diis firequency modulation is most effective. 
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The flux of a drug or analyte across the skin can also be increased by changing either the 
resistance (the diffusion coefficient) or the driving force (the gradient for diffusion). Flux can be 
enhanced by the use of so-called penetration or chemical enhancers. 

Chemical enhancers are comprised of two primary categories of components^ i.e., cell- 
5 envelope disordering compoimds and solvents or binary systems containing both cell-cnvelQpe 
disordering compounds and solvents* 

Cell mvelope disordering compoimds are known in the art as being usefiil ill topical 
pharmaceutical preparations and function also in analyte withdrawal througji the skin. These 
compounds are thought to assist in skin penetration by disordering the Upid structure of the 
10 stratum comeum cell-envelopes. A comprehensive list of these conqx>unds is described in 

European Patent >^lication 43,738, published June 13. 1982, which is incorporated herein by 
reference. It is believed that any cell envelope disordCTing con5)Ound is useful for purposes of 
this invention. 

Suitable solvents include water, diols, such as propylene glycol and glycerol; mono- 
15 alcohols, such as ethanol, propanol, and hi^er alcohols; DMSO; dfanethylformamide; N,N- 
dimethylacctamide; 2-pyrrolidone; N-(2-hydroxyethyl) pyrrolidone, N-methylpynolidone, 1 - 
dodecylazacycloheptan-2-one and other n-substituted-alkyl-azacycloalkyl-2-ones (azones) and 
the like. 

U.S. Patent 4,537,776, Cooper, issued August 27, 1985, contains an excellent summary of 
20 prior art and background information detailing the use of certain binary systems for petmeant 

enhancement Because of the completeness of that disclosure, the information and termmology 
utilized therein arc incorporated herein by reference* 

Sirnilarly, European Patent Application 43,738. referred to above, teaches using selected 
diols as solvents along with a broad category of cell-envelope disordering conq)ounds for 
25 delivery of lipophUic pharmacologically-active compounds. Because of the detail in disclosing 
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the cell-envelope disordering compounds and the diols, this disclosure of European Patent 
Application 43,738 is also incoiporated herein by reference. 

A binary system for enhancing metoclopramide penetration is disclosed in UK Patmt 
Application GB 2, 153^23 A, published August 21,1 985, and consists of a monovalent alcohol 
ester of a C8-32 aliphatic mcmocaiboxylic acid (unsaturated and/or branched if CI 8-32) or a C6- 
24 aliphatic monoalcohol (unsaturated and/or branched if 014-24) and an N-cyclic compound 
such as 2-pyrrolidone, N-methylpyrrolidone and the like. 

Combinations of enhancers consisting of diethylene glycol monoethyl or monomethyl 
ether with propylene glycol monolaurate and methyl latxrate are disclosed in U.S. Patisnt 
4,973,468 as enhancing the transdermal delivery of steroids such as progesterons and estrogens. 
A dual enhancer consisting of glycerol monolaurate and ethanol for the transdmnal deliveiy of 
drugs is shown in U.S. Patent 4,820,720. U.S. Patmt 5,006^42 lists numerous enhancers for 
transdemial drug administration consisting of fetty acid esters or fiitty alcohol ethers of Cj to C4 
alkanediols, ^ere each fatty acid/alcohol portion of the ester/ether is of about 8 to 22 carbon 
atoms. U.S. Patent 4,863,970 shows penetration-enhancing con:qx>sitions for topical plication 
comprising an active permeant contained in a penetration-enhanciiig vehicle containing specified 
amoimts of one or more cdl-envelqpe disordering compounds such as oleic acid, oleyl alcohol, 
and glycerol esters of oleic acid; a C2 or C3 alkanol and an inert diluent such as water. 

Other chemical enhancers, not necessarily associated with binary systems uiclude DMSO 
or aqueous solutions of DMSO such as tau^t in Herschler, U.S. Patent 3,551,554; Herschler, 
U.S. Patent 3,71 1,602; and Herschler, U.S. Patent 3,71 1,606, and the azones (n-substituted-alkyl- 
azacycloalkyl-2-ones) such as noted in Cooper, U.S. Patent 4,557,943. 

Some chemical enhancer systems may possess negative side effects such as toxicity and 
skin hritation. U.S. Patent 4,855,298 discloses compositions for reducing skin irritation caused 
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by chemical enhancer containing compositions having skin irritation properties with an amount 

of glycerin sufficient to provide an anti-irritating effect 

Because the combination of microporation of the stratum coraeum and the application of 

sonic energy accompanied by the use of chemical enhancers can result in an improved rats of 
5 analyte withdrawal or permeant deliveiy through the stratum comeum» the specific carriCT vehicle 

and particularly the chemical enhancer utilized can be selected from a long list of prior art 

vehicles some of which are mentioned above and incorporated herein by reference. To 

specifically detail or enumerate that which is readily available in the art is not thou^t necessary. 

The invention is not drawn to the use of chemical enhancers per se and it is believed that all 
10 chemical enhancers, useful in the delivery of drugs through the skin, will function with dyes in 

optical microporation and also with sonic energy in effecting measurable withdrawal of analytes 

fix)m beneath and through the skin surfece or the delivery of penneants or drugs througji flie skin 

surface. 

15 Example 16 

Modulated sonic energy and chemical enhancers were tested for their abiliQr to control 
transdermal flux on human cadaver skin sanq)les. In these tests, the epidermal membrane had 
been separated from the human cadaver whole skin by the heat-sepaiation method of Example 1 . 
The epidermal membrane was cut and placed between two halves of the permeation ceU with fl^^ 

20 stratum comeun^ facing either the upper (donor) compartment or lower (receiver) compartment 
Modified Franz cells were used to hold the epidermis, as shown in FIG, 2 of U.S. Patent No. 
5,445,6 11 Each Franz cell consists of an upper chamber and a lower chamber held together with 
one or more clamps. The lower chamber has a sampUng port through v^diich materials can be 
added or removed, A sample of stratum comeum is held between the upper and lower chambm 

25 when they are clamped together. The upper chamber of each Franz cell is modified to allow an 
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ultrasound transducer to be positioned within 1 cm of the stratum comeum membrane. 
Methylene blue solution was used as an indicator molecule to assess the permeation of the 
stratum comeum. A visual record of the process and results of each experiment was obtained in 
a time stamped magnetic tape format with a video camera and video cassette recorder (not 
shown). Additionally, samples were withdrawn for measuremmt with an absorption 
spectrometer to quantitate the amount of dye which had traversed the stratum comeum 
membrane during an experiment Chemical enhancers suitable for use could vary over a wide 
range of solvents and/or ceU envelope disordering compounds as noted above. The specific 
enhancca: utilized was: ethanol/glycerol/water/glycerol monooleate/methyl laurate in 
50/30/15/2.5/2.5 volume ratios. The system for producing and controlling the sonic energy 
included a programmable 0-30 MHz arbitrary waveform generator (Stanfonl Re^ 
Modd DS345), a 20 watt 0-30 MHz an^)lifier, and two unfocused ultrasound immersion 
transducers having peak resonances at 15 and 25 MHz, respectively. Six cells were prepared 
simultaneously for testing of stratum comeum samples from the same donor. Once the stratum 
comeum samples were installed, they were aUowed to hydrate with distilled water for at least 6 
hours before any tests were done. 

Exarr5)lel7 

Effects of Sonic Energy without Chemical Enhancers 

As stated above in Exan^)le 16, the heat-separated epidermis was placed in the Franz 
cells with the epidermal side facing i^, and the stratum comeum side facing down, unless noted 
otherwise. The lower chambers were filled with distilled water, whereas the upper chambers 
were filled with concentrated methylene blue solution in distilled water. 

H^^t Separated Epidermis: Immediately after filling the upper chambers witii methylene 
blue solution, sonic energy was applied to one of the cells with the transducer fully immersed. 
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This orientation would correspond, for example, to having the transducer on the opposite side of 
a fold of skin, or causing the sonic energy to be reflected off a reflector plate similarly positioned 
and being used to "push" analyte out of Ae other side of the fold into a collection device. The 
sonic energy setting was initially set at the nominal operating frequency of 25 MHz with an 
intensity equivalent to a 20 volt peak-to-peak (P-P) input wave form. This corresponds to roughly 
a 1 watt of average input power to the transducer and similarly, assuming the manufacture's 
nominal value for conversion eflSciency of 1% for this particular transducer, a sonic output 
power of around 0.01 watts over the 0.78 cm^ surface of the active area or a sonic intensity of 
0.13 watts/cm^. Three other control cells had no sonic energy applied to them. After 5 minutes 
the sonic energy was turned off. No visual indication of dye flux across the stratum comeum was 
observed during this interval in any of the cells, indicating levels less than afyproximately 
0.001 5% (v/v) of dye solution in 2 ml of receive* medium. 

Testing of these same 3 control cells and 1 experimental cell was continued as follows. 
The intensity of sonic -energy was increased to the maximum possible output available ftom the 
driving equipment of a 70 volt peak-to-peak ii^iut 12 watts average power ii^mt or ( 0. 13 
watts/cm^) of sonic ou^ut intensity. Also, the ftequency was set to modulate or sweqp fiom 30 
MHz to 10 MHz. This 20 MHz sweep was performed ten times per second, Le., a sweep rate of 
10 Hz, At these input power levels, it was necessary to monitor the sonic energy transduce to 
avoid overheating. A contact thermocouple was ^>plied to the body of the transducer and power 
was cycled on and off to maintain maximum temparature of the transducer under 42 C. After 
about 30 minutes of cycling maximum power at about a 50% duty cycle of 1 minute on and 1 
minute off, there was still no visually detectable permeation of the stratum comeum by tfie 
methylene blue dye. 

A cooling water jacket was then attached to the sonic energy transducer to permit 
extended excitation at the maximiun energy level. Using the same 3 controls and 1 experimental 
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ccU, sonic energy was appUed at maximum power for 12 hours to the experimental cell. During 
this time the temperature of the fluid in the upper chamber rose to only 35 C, only slightly above 
the approximately 3 1 * C normal temperature of the stratum comeum in vivo. No visual evidence 
of dye flux through die stratum comeum was apparent in any of the four cells after 12 hrs. of 
sonic aiergy ^plied as described above. 

Example IS 

Effects of Sonic Energy widjout Ch«nical Enhancers 

Perforated Stratum Comeum : Six cells were prepared as described above in Example 16. 
The clamps holding the upper and loWer chambers of the Franz cells were tightened greater than 
the extent required to nomially seal Ihe i)?,per compartment from the lower compartment, and to 
the extent to artificiaUy introduce perforations and "pinholes" into the heat-separated epidermal 
samples. Whtai dye solution was added to die upper chamber of each ceU, there wwe inunediate 
visual indications of leakage of dye into the lower chambers through the perforations formed m 
die stratum comeum. Upon appUcation of sonic energy to cells in which the stratum comeum 
was so perforated with small "pinholes," a rapid increase in die transport of fluid flirough a 
pinhole in die stratum comeum was observed. The rate of transport of die indicator dye 
molecules was direcdy related to whedier die sonic energy was appUed or not That is, 
application of die sonic energy caused an immediate (lag time approximately <0.1 second) pulse 
of die indicator molecules dirough die pinholes in die stratum comeum. TTiis pulse of indicator 
molecules ceased immediately upon niming off of die sonic energy (a shutoflflag of 
approximately <0.1 second). The pulse could be repeated as described. 
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Example 19 

Effects of Sonic Energy and Chemical Enhancers 

Two different chemical enhancer fonnulationswCTe used. Chemical Enhancer One or 
CEl was an admixture of ethanol/glycerol/water/glycerpl monooleate^iethyl laurate in a 
50/30/15/2.5/2.5 volume ratio. These are components generally regarded as safe, Le. GRAS, by 
the FDA for use as pharmaceutical excipients. Chemical Enhancer Two or CE2 is an 
experimental formulation shown to be very effective in enhancing transdermal drag delivery, but 
generally considered too irritating for long term transdemial deUvery applications. CE2 
contained ethanol/glycerol/water/lauradoneMethyl laurate in the volume ratios 50/30/15/2.5/2.5. 
Lauradone is the lauiyl (dodecyl) ester of 2-pyrrolidone-5- carboxylic acid ("PGA") and is also 
refened to as lauryl PCA. 

Six Franz cells w«e set up as before CBxan:q>le 16) exc^t fliat the heat separated 
qiidemiis was instaUed with the epidermal layer down, i.e., stratum cOineum side facing vp. 
Hydration was estabUshed by ejqwsing eadi san^le to distiUed water overnight To begin flie 
experiment, the distilled water in the lower chambas was replaced with methylene blue ctye 
solution in all six cells. The upper chambers were filled with distiUed water and tfie ceUs were 
observed for about 30 minutes confirming no passage of dye to ensure ttiat no pinhole 
perforations were present in any of the cells. When none were found, the distilled water in the 
upper chambers was removed fiom four of the cells. The other two cells served as distilled water 
controls. The iqiper chambers of two of the experimoital cells were then fiUed with CEl and the 
oflier two e^qwrimental cells were filled wifli CE2. 

Sonic energy was immediately applied to one of the two CE2 cells. A 25 MHz transducer 
was used with the frequency sweeping every 0.1 second fiom 10 MHz to 30 MHz at maximum 
intensity of 0.13 watts/cm^ After 10-15 minutes of sonic energy applied at a 50% duty cycle, 
dye flux was visually detected. No dye flux was detected in the other five ceUs. 
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Sonic energy was then applied to one of the two cells containing CEl at the same 
settings. Dye began to appear in the upper chambM* within 5 minutes. Thus, sonic energy 
together with a chemical enhancer significantly increased the tninsdemial flux rate of a marker 
dye thiougji the stratum comeum, as well as reduced the lag time. 

Example 20 

Effects of Sonic Enei^ and Chemical EnhancOT 

Formulations of the two chemical enhancers, CEl and CE2, were prqjared minus the 
glycerin and these new fomiulations, designated CEIMG and CE2MG. were tested as before. 
Wato- was substituted for glycerin so diat the proportions of the other components remained 
unchanged. Three cells were prq>ared in modified Franz cells with the epidamal side of the heat 
separated epidCTmissan^les feeing toward Aeiqjpcr side of the chambers These san^iles were 
Aen hydrated in distilled wata: for 8 hours. After the hydration step, the distilled water in the 
lower chambers was replaced with either CEIMO or CE2MG and the upper chamber was filled 
with tfie dye solution. Sonic mergy was applied to each ofthe three cells sequoitially. 

Upon plication of pulsed, frequency-modulated sonic energy for a total duration of less 
than 10 minutes, a significant increase in perm^bility of the stratum comeum samples was 
observed- The peraieability of the stratum comeum was altered relatively uniformly across the 
area exposed to both the chemical enhancer and sonic energy. No "pinhole" perforations througji 
which the dye could traverse die stratum comeum were observed. The transdermal flux rate was 
instantly controllable by turning the sonic energy on or off. Turning the sonic energy off 
appeared to instantly reduce the transdermal flux rate such that no dye was visibly bemg actively 
transported through the skin sample; presumably the rate was reduced to that of passive 
diffusion. Turning the sonic energy on again instantly resumed the high level flux rate. The 
modulated mode appeared to provide a regular pulsatile increase in the transdermal flux rate at 
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the modulated rate. When the sonic energy was set to a constant frequ«aicy, the maximum 
increase in transdermal flux rate for this configuration seemed to occur at around 27 MHz. 

Having obtained the same results with all three samples, the cells were then drained of aU 
fluids and flushed with distilled water on both sides of the stratum comeum. The lower 

5 chambers were then immediately filled with distilled water and the upper chambers were refilled 
with dye solution. The cells were observed for 30 minutes. No holes in the stratum comeum 
samples were observed and no large amount of dye was detected in the lower chambers. A smaU 
amount of dye became visible in the lower chambers, probably due to the^dye and enhancer 
tr^yped in the skin samples fixjm their previous exposures. After an additional 12 hours, the 

10 amountof dye detected was still very small. 

Example 21 

Efiects of Sonic Energy and Chemical Eiihancers 

Perforated Stratum Comeum: Three ceUs were prepared with heat-sepaiated epidermis 
15 samples wth the epidemial side feeing toward the upper ade of the diiu^^ 

donor as in Example 16. The samples were hydrated for 8 hours and then the distilled water in 
the lower chambers was replaced with either CEIMG or CE2MQ. The upper chambers were 

then fiUed with dye solution. Pinhole perforations in the stratum comeum samples permitted <fye 
to leak through the stratum comeum samples into the underlying enhancer containing chambers. 

20 Sonic energy was appUed. Immediately upon appUcation of the sonic energy, the ^e molecules 
were rapidly pushed through the pores. As shown above, the rapid flux of the dye through the 
pores was directly and immediately correlated with the appUcation of the sonic energy. 
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Example 22 

Effects of Sonic EnCTgy and Chemical Enhancers 

A low cost sonic energy transducer, TDK #NB-5 8S-0 1 (TDK Corp.), was tested for its 
capability to enhance transdermal flux rates. The peak response of this transducer was 
determined to be about 5.4 MHz with other local peaks occurring at about 7 MHz, 9 MHz, 12.4 
MHz, and 16 MHz. 

This TDK transducer was then tested at 5.4 MHz for its ability to enhance transdermal 
flux rate in conjunction with CEIMQ. Three cells were set up with the i^id^mal side &cing the 
lower chamber, then the skin samples were hydrated for 8 hrs. The dye solution was placed in 
the lower chamb^. The transducer was placed in the upper chamber immersed in CEIMQ- 
Using sw^t frequencies from 5.3 to 5.6 MHz as the sonic energy excitation, significant 
quantities of dye moved througih the stratum comeum and were detected in the collection well of 
the cell in 5 minutes. Local heating occurred, with the transducer reaching a tenq>erature of 48 
C. In a control using CE 1 MG without sonic energy, a 24 hour exposure yielded less dye in the 
coUection weU than the 5 nlinute e3q)osure wifli soriic energy. 

This example demonstrates that a low cost, low frequency sonic enoigy transducer can 
strikingly aflTect transdermal flux rate when used in conjimction wifli an appropriate chemical 
enhancer. Although higher frequency sonic eaergy will theoretically concentrate more energy in 
the stratum comeum, when used with a chemical enhancer, the lower frequency modulated sonic 
energy can accelerate the transdermal flux rate to make the technology useful and practicaL 

Example 23 

Demonstration of molecule migration across human skin: Tests with the TDK transducer 
and CEIMG described above were repeated at about 12.4 MHz, one of the highest local resonant 
peaks for the transducer, with a frequency sweep at a 2 Hz rate from 12.5 to 12.8 MHz and an 
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sonic energy density less than 0.1 W/cm^. The q)idermal side of the heat-separated epidermis 
was facing down, the dye solution was in the lower chamber, and the enhancer solution and the 
sonic energy were placed in the upper chamber. Within S minutes a signiiScant amount of dye 
had moved across the stratum comeimi into the collection well. Ohmic heating in the transduce 
was significantly less than with the same transducer being driven at S.4 MHz» causing an increase 
in temperature of the chemical enhancer to only about 33 C. 

Even at ttiese low efficiency levels, the results obtained with CEIMG and sonic energy 
ftom the TDK transducer were ranarkable in the monitoring direction. FIGS. 3 A and 3B of 
U.S. Patent No. 5,445,61 1 show plots of data obtained firom three separate cells with flie 
transdermal flux rate measured in the monitoring direction. Even at the 5 minute time point, 
readily measurable quantities of the dye were present in the chemical enhancer on the outside of 
the stratum comeum, indicating transport from the epidermal side through ttie stratum comeum 
to the "outside" area of the skin sample. 

To optimize the use of the sonic energy or the sonic energy/chemical enhancer approadi 
for collecting and monitoring analytes from the body, means for assaying the amoimt of analyte 
of interest are required. An assay system that takes multiple readings while the unit is in the 
process of wiflidrawing analytes by sonic energy with or without chemical enhancers makes it 
unnecessary to standardize across a broad population base and normalize for different skin 
characteristics and flux rates. By plotting two or more data points in time as the analyte 
concentration in the collection system is increasing, a curve-fitting algorithm can be filled to 
detennine the parameters describing the curve relating analyte withdrawal or flvK rate to the 
point at which equilibrium is reach^ thereby establishing the measure of the interval 
concentration. The general form of this curve is invariant from one individual to another; only 
the parameters change. Once these parameters are established, solving for the steady state 
solution (i.e., time equals infinity) of this function, i.e., when fiiU equilibrium is established, 
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provides the concentration of the analyte within the body. Thus, this approach permits 
measurements to be made to the desired level of accuracy in the same amount of time for all 
members of a population regardless of individual variations in skin penneability. 

Several existing detection techniques currently exist that are adaptable for this 
application. See, DA, Christensen, in 1648 Proceedings of Fiber Optic, Medical and Ruorescent 
Sensors and Applications 223-26 (1992). One method involves the use of a pair of optical fibers 
that are positioned close together in an approximately parallel manner. One of the fibers is a 
source fiber, through which light endrgy is conducted. The other fiber is a detection fiber 
connected to a photosensitive diode. When light is conducted throu^ the source fiber, a portion 
of the li^t energy, the evanescent wave, is present at the surface of the fiber and a portion of this 
light energy is collected by the detection fiber. The detection fibo* conducts the c^tured 
evanescent wave energy to the photosensitive diode which measures it The fibers are treated 
with a binder to attract and bind the analyte that is to be measured. As analyte molecules bind to 
the surface (such as the analyte glucose binding to immobilized lectins such as concanavalin A, 
or to immobilized anti-glucose antibodies) the amount of evanescent wave coupling between the 
two fibers is changed and the amount of raergy ci^tured by the detection fiber and measured by 
flie diode is changed as well. Several measurements of detected evanescent wave energy over 
short periods of time support a rapid determination of flie parameters describing the equilibrium 
curve, thus making possible calculation of the concentration of the analyte within the body. The 
experimental results showing measurable flux wittun 5 minutes (FIGS. 3A and 3B of U.S. Patent 
No. 5,445,61 1) with this system suggest sufficient data for an accurate final reading are collected 
within 5 minutes. 

In its most basic embodiment, a device that can be utilized for the ^plication of sonic 
energy and collection of analyte comprises an absorbent pad, either of natural or synthetic 
material, which serves as a reservoir for the chemical enhancer, if used, and for receiving the 
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analyte ftom the skin surfece. The pad or reservoir is held in place, either passively or aided by 
appropriate fastening means, such as a strap or adhesive tape, on the selected area of skin surfece. 

An sonic energy transducer is positioned such that the pad or reservoir is between the skin 
surface and the transducer, and held in place by appropriate means. A power supply is coupled to 
the transducer and activated by switch means or any other suitable mechanism. The transducer is 
activated to deliver sonic energy modulated in frequency, phase or intensity, as desired, to deUver 
the chemical enhancer, if used, fiom the reservoir through the skin surfece followed by coUection 
of the analyte fiom the skin surface into the reservoir. After the desired fixed or variable time 
period, the transducer is deactivated. The pad or resCTVoir, now containing the analyte of 
intert»t. can be rtanoved to quantitate the analyte. for example, by a laboratory utilizing any 
numberofconventionalchemicalanalyses,orbyaport8bledevice. Alternately, the mechanism 
for quantitating the analyte can be build into the device used for coUcction of the 
as an integral portion of the device or as an attachment Devices for monitoiing an analyte are 
described in U.S. Patent No. 5.458.140, which is incorporated herein by reference. 

Exainqile 24 

An alternate method for detection of an analyte, such as glucose, foUowing &e sample 
collection through the porated skm surface as described above, can be achieved through the use 
of enzymatic means. Several enzymatic methods exist for the measurement of glucose in a 
biological sample. One method involves oxidizing glucose in the sample with glucose oxidase to 
generate gluconolactone and hydrogen peroxide. In the presence of a colorless chromogen. the 
hydrogen peroxide is then converted by peroxidase to water and a colored product 

Glucose Oxidase 
Glucose Gluconolactone + H2O2 

2 H2O2 + chromogen H2O + colored product 
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The intensity of the colored product wUl be proportional to die amount of glucose in the fluid. 
This color can be determined through the use of conventional absorbance or reflectance mediods. 
By calibration widi known concentrations of glucose, the amount of color can be used to 
determine the concentration of glucose in the coUected analyte. By testing to determine the 
relationship, one can calculate die concentration of glucose in die blood of die subject This 
information can tiien be used in the same way tfiat the information obtained from a blood glucose 
test from a finger puncture is used. Results can be avaflable widiin five to ten minutes. 

Exanq>le25 

Any system using a visual display or readout of glucose concentration wiU indicate to a 
diagnostician or patient die need for administration of insulin or otiier appropriate medication. In 
critical care or otiiea- situations wh«c constant monitoring is desired and corrective action needs 
to be taken ahnost concunendy, die display may be connected widi appropriate signal means 
which triggers die administration of insulin or odier medication in an appropriate manner. For 
example, diere are insulin pumps which are unplanted into die peritoneum or odier body cavity 
which can be activated in response to external or internal stimuU. Alternatively, utilizing die 
enhanced transdermal flux rates possible widi micro-poration of die stratum comeum and odier 
techniques described in diis invention, an insulin deUvery system could be hnplemented 
transdermally, with control of die flux rates 

modulated by dife signal from die glucose sensing system. In diis manner a con^lete biomedical 
control system can be available which not only monitors and/or diagnoses a medical need but 
simidtaneously provides corrective action. 

Biomedical control systems of a similar nature t?ould be provided in odier situations such 

as maintaining correct electrolyte balances or administering analgesics in response to a measured 
analyte parameter such as prostaglandins. 
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Example 26 

Similar to audible sound, sonic waves can undergo reflection, refiaction, and absorption 
when they encoimter another medium with dissimilar properties [D. Bonunannan et al., 9 Pharm, 
Res. 559 (1992)]. Reflectors or lenses may be used to focus or otherwise control the distribution 
of sonic energy in a tissue of interest For many locations on the human body, a fold of flesh can 
be found to support this system. For example, an earlobe is a convenient location which would 
aUow use of a reflector or lens to assist in exerting directional control (e,g., "pushing" of analytes 
or permeants through the porated stratum comeum) similar, to what is realized by changing sonic 
frequency and intensity. 

Example 27 

Multiple sonic energy transducers may be used to selectively direct the direction of 
transdermal flux through porated stratum comeum either into the body or from the body* A fold 
of skin such as an earlobe allow transducers to be located on eititer side of the fold. The 
transducers may be oiergized selectively or in a phased fashion to enhance transdranal flux m 
the desired direction. An array of transducers or an acoustic cinniit niay be constructed to use 
phased array concepts, similar to those developed for radar and microwave communications 
systems, to direct and focus the sonic energy into the area of interest 

Example 28 

In this example, the procedure of Example 19 is followed with the exception that the 
heat-separated epidermis samples are first treated with an exciraer laser (e.g. model EMG/200 of 
Lambda Physik; 193 nm wavelength, 14 ns pulse width) to ablate the stratum comeum according 
to the procedure described in U.S. Patent No. 4,775,361, hereby incorporated by reference. 
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Example 29 

In this example, the procedure of Example 19 is followed with the exception that the 
heat-separated epidermis samples are first treated with l,r-diethyl-4,4'-carbocyanine iodide 
(Aldrich, inax=703 nm) and then a total of 70 mJ/cm^/50 ms is delivered to the dye-treated 
sample with a model TOLD9I50 diode laser (Toshiba America Electronic, 30 mW at 690 nm) to 
ablate the stratum comeum. 

Example 30 

In this example, the procedure of Example 29 is followed with the exception that the dye 
is indocyanine green (Sigma cat no. 1-2633; imx=775 nm) and the laser is a model Diolite 800- 
50 (LiCONiX. 50 mW at 780 nm). 

Example 31 

La this example, the procedure of Example 29 is followed with the excq>tion that the dye 
is methylene blue and the laser is a model SDL-8630 (SDL Inc.; 500 mW at 670 nm), 

Exan^)le32 

In this example, the procedure of Example 29 is followed with the exception that the dye 
is contained in a solution confiprising a permeation enhancer, e.g. CEl, 

Example 33 

In this example, the procedure of Example 29 is followed with the exception that the dye 
and enhancer-containing solution are delivered to the stratum comexun with the aid of exposure 
to ultrasoimd. 
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Example 34 

In this example, the procedure of Example 3 1 is followed with the exception that the 
pulsed light source is a short arc lamp emitting over the broad range of 400 to 1 100 mn but 
5 having a bandpass filter placed in the system to limit the ou^ut to the wavelength region of about 
650 to 700 nm. 

Example 35 

In this example, the procedure of Example 1 9 is followed with the exception that the 
10 heat-separated epidennis samples are first punctured with a microlancet (Becton Dickinson) 

calibrated to prxxiuce a micropore in the stratum coraeum without reaching the underlying tissue. 

Exanq)le 36 

In this example, the procedure of Example 19 is followed with the exception that the 
15 heat-separated epidennis samples are first treated with focused sonic raergy in the range of 70- 
480 mJ/cm^/50 ms to ablate the stratum comeuxn. 

Example 37 

In this example, the procedure of Example 19 is foDowed with the exception that the 
20 stratum comeumas first punctured hydraulically with a high pressure jet of fluid to form a 
micropore of up to about 100 \im diameter. 
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Example 38 

In this example, the procedure of Example 19 is followed with the exception that the 
stratum comeum is first punctured with short pulses of electricity to form a micropore of up to 
about 100 fun diameter. 
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Example 39 

Acoustic Streaming 

A new mechanism and application of sonic energy in the delivering of therapeutic 
substances into the body and/or harvesting fluids fiom within the body into an external reservoir 
tiirougji micro-porations formed in the biological membrane will now be described. An 
additional aspect of this invention is the utilization of sonic energy to create an acoustic 
streaming effect on the fluids flowing around and between the mtact cells in the viable tissixes 
beneath the outer layer of an organism, such as the qpidermis and dermis of the him:ian skin* 
Acoustic streaming is a well documented mode by which sonic energy can interact with a fluid 
medium. Nyborg, Physical Acoustics Principles and Methods, p. 265-33 1, Vol Il-Part B, 
Academic Press, 1965. The first theoretical analysis of acoustic streaming phenomenon was 
given by Rayleigh (1 884, 1945). In an extensive treatment of the subject, Longuet-ffiggins 
(1953-1960) has given a result applicable to two dimensional flow that results in the near vicinity 
of any vibrating cylindrical surface. A three dimensional approximation for an arbitrary surfece 
was developed by Nyborg (1958). As described by Fairbanks et al^ 1975 Ultrasonics 
Symposium Proceedings, IEEE Cat #75, CHO 994-4SU, sonic energy, and the acoustic 
streaming phenomenon can be of great utiUty in accelerating the flux of a fluid through a porous 
medium, showing measurable increases in the flux rates by up to 50 times that possible passively 
or with only pressure gradi«its beiag applied. 

All previous transdermal dehvery or extraction efforts utUizing ultrasound have focused 
on methods of interaction between the sonic energy and the skin tissues designed to permeabilize 
the stratum comeum layer. The exact mode ofinteraction involved has 

been hypothesized to be due exclusively to the local elevation of the temperature in the SC layer, 
and the resultant melting of the Upid domains in the intercellular spaces between the comeocytes. 
Srinivasan et al. Other researchers have suggested that micro-cavitations and or shearing of the 
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Structures in the stratum comeum opens up channels through which fluids may flow more 
readily. In general, the design of the sonic systems for the enhancement of transdermal flux rates 
has been based on the early realization that the application of an existing therapeutic ultrasound 
imit designed to produce a "deep-heaUng" effect on the subject, when used in conjimction with a 
topical application of a gelled or liquid preparation containing the drug to be delivered into the 
body, could produce a quantifiable increase in the flux rate of the drug into the body. In the 
context of the method taught herein to create micropores in this biological membrane, the use of 
sonic energy may now be thought of in a totally new and diffi^imt sense than the classically 
defined concepts of sonophoresis. 

Based on the experimental discovery mentioned in U.S. patents 5,458,140 and 5,445,61 1 
that when a small hole existed or was created in the stratum corneum (SC) in the Franz cells used 
in the in vitro studies, that the qyplication of an appropriately driven ultrasonic transducer to ttie 
fluid reservoir on eith^ side of the porated SC sample, an ''acoustic streaming" event could be 
generated \^erein large flux rates of fluid where capable of being pumped through this porated 
membrane. 

With the method taught herein to create the controlled micro-porations in the biological 
membrane in the organism, the application of the fluid streaming mode of sonic/fluid inteiacdon 
to the induction of fluid into or out of the organism may now be practically e?q>lored. For 
example, clinical studies have shown that by making a series of four 80 pm diameter micropores 
in a 400 \im square, and then s^lying a mild (10 to 12 inches of Hg) suction to this area, an 
average of about 1 pi of interstitial fluid can be induced to leave the body for external collection 
in an external chamber. By adding a small, low iK>wer sonic transducer to this system, 
configured such that it actively generates inwardly converging concentric circular pressure waves 
in the 2 to 6 mm of tissue surroimding the poration site, it has been demonstrated that this ISF 
flux rate can be increased by 50%. 
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By relieving ourselves of the desire to create some form of direct absorption of sonic 
energy in the skin tissues (as required to generate heating), frequencies of sonic energy can be 
determined for which the skin tissues are virtually transparent, that is at the very low frequency 
region of 1 kHz to 500 KHz. Even at some of the lowest frequencies tested, significant acoustic 
streaming effects could be observed by using a micro-scope to watch an in vivo test wherein the 
subject's skin was micro-porated iand ISF was induced to exit the body an pool on the surface of 
the skin. Energizing the sonic transducer showed dramatic visual indications of the amount of . 
acoustic streaming as small pieces of particulate matter were carried along with the ISF as it 
swirled abouL Typical magnitude of motion exhibited can be described as follows: for a 3 mm 
diameter circular pool of ISF on the surface of the skin, a single visual particle could be seen to 
be completing roughly 3 complete orbits per second This equates to a linear fluid velocity of 
more than 2.5 mm/second. All of this action was demonstrated with sonic power levels into the 
tissues of less than 100 mW/cm2. 

While one can easily view the top sur&ce of the skin, and the fluidic activity thereon^ 
assessing what is taking place dynamically within the skin tissue layexs in response to the 
coupling into these tissues of sonic energy is much more difficult One can assume, that if su^ 
large fluid velocities (e,g. >2.5 mm/S) may be so easily induced on the surfruse, then some 
noticeable increase in the fluid flow in the intercellular channels present in the viable dermal 
tissues could also be realized in response to this sonic energy input Currently, an increase in 
harvested ISF through a given set of microporations when a low frequency sonic energy was 
applied to the area in a circle sxuTOimding the poration sites has been quantified. In this 
experiment, an ISF harvesting technique based solely on a mild suction (10 to 12 inches of HG) 
was alternated with using the exact same apparatus, but with the sonic transducer engaged. Over 
a series of 10 two-minute harvesting periods, five with mere suction and five with both suction 
and sonic energy active, it was observed that by activating the sonic source rougihly 50% more 
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ISF was collectable in the same time period These data are shown in FIG. 30, This increase in 
ISF flux rate was realized with no reported increase in sensation from the test subject due to ttie 
sonic enei-gy. The apparatus used for this experiment is illustrated in FIGS. 31-33. The 
transducer assembly in FIGS. 3 1-33 is comprised of a thick walled cylinder of piczo-clectric 
material, with an internal diameter of rou^y 8 mm and a wall thickness of 4 mm. The cylinder 
has been polarized such that when an electrical field is applied across the metallized surfaces of 
the outer diameter and inner diameter, the thickness of the wall of the cylinder expands or 
contracts in response to the field polarity. In practice, this configuration results in a device which 
rapidly squeezes the tissue which has been suctioned into the central hole, causing an inwanl 
radial acoustic streaming effect on those fluids present in these tissues. This inward acoustic 
streaming is responsible for bringing more ISF to the location of the micro-porations in the cent^ 
of tfie hole, where it can leave the body for external collection. 

A similar device shown in FIG. 34A-B was built and tested and produced similar initial 
results. Ill the FIG. 34A-B version, an ultrasonic transducer built by Zevex, Inc. Salt Lake City, 
Utah, was modified by having a spatulate extension added to the sonic horn. A 4 mm hole was 
placed in the 0.5 thick spatulate and of this extension. When activated, the principle motion 
is longitudinal along fte length of the spatula, resulting in essentially a rapid back and forth 
motion. The physical pertuibation of the metallic spatula caused by the placement of the 4 mm 
hole, results in a very active, but chaotic, large displacement behavior at this point In use, the 
skin of the subject was suctioned up into this hole, and the sonic energy was then conducted into 
the skin in a fashion similar to that illustrated in FIG* 33. 

The novel aspect of this new ^plication of ultrasound lies in the following basic areas: 
1 . The function of the sonic energy is no longer needed to be focused on permeabilizing 
the SC barrier membrane as taught by Langer, Kost, Bonunannan and others. 
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2. A much lower frequency system can be utilized which has very little absoiption in the 
skin tissues, yet can still create the fluidic streaming phenomenon desired within the intercellular 
passageways between the epidermal cells which contain the interstitial fluid. 

3. The mode of interaction with the tissues and fluids therein, is the so-called "streaming" 
mode, recognized in the sonic literature as a unique and different mode than the classical 
vibrational interactions capable of shearing cell membranes and accelerating the passive 
diffusion process. 

By optimizing the geometric configuration, frequency, pow«- and modulations ^yplied to 
the sonic transducer, it has been shown that significant increases in the fluid flux through the 
porated skin sites can be achieved, ITie optimization of these parameters is designed to exploit 
the non-linearities governing the fliuid flow relationsWps in this microscopically 
enviiomnenL Using fixquencies under 200 kHz, large fluidic effects can be observed, witfioul 
any detectable heating or other negative tissue interactions. The sonic powa: levels required to 
produce these measurable effects are very low, with average power levels typically under 100 
milliwatts/cm2. 

Therefore, the above exano^les are but rqiresentative of systems v^ch may be employed 
in the utilization of sonic energy or sonic energy and chemical enhancers in the coUection and 
quantification of analytes for diagnostic purposes and for the transmembrane delivery of 
permeants. The invention is directed to the discovery that the poration of flie biological 
membrane follo\yed by the proper use of sonic energy, particularly when accon^anied with the 
use of chemical enhancers, enables the norunvasive or minimally invasive transmembrane 
determination of analytes or delivery of permeants. However, the invention is not limited only to 
the specific illustrations. There are nxmierous poration techniques and enhancer systems, some of 
which may function better than another, for detection and withdrawn of certain analytes or 
delivery of permeants through the stratum comeum. However, within the guidelines presented 
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herein, a certain amount of experimentation to obtain optimal poration, enhancers, or optimal 
time, intensity and frequency of applied sonic energy , as well as modulation of frequency, 
amplitude and phase of applied sonic energy can be readily carried out by those skilled in the art 
Therefore, the invention is limited in scope only by the following claims and fimctional 
5 equivalents thereof. 

Further Advancements and Improvemrats 

Advancements and improvements to the microporation techniques have been made, 

10 particularly suitable for, though not limited to, delivery applications. One advancement is to 

porate, using any one of the aforementioned microporation techniques, to a selected depth into or 
through biological membranes, including the skin, the mucous membrane, or plant outer layer, 
particularly for delivery of a drug or bioactive agent into the body. Another advanconent is to 
deliver bioactive agents into the organism through micropores formed in the biological 

tS membrane. Still another advancement is to apply permeation enhanceinent measures before, 
duririg, or after inicrpporation, so as to increase the permeabiUty of layCTS w 
microporated skin or mucosa when delivering substances, such as drugs or bioactive agents, 
thereinto or therethrough 

The rzucropore formed in the biological membrane iriay extend to a selected deptti. A 

20 micropore extending into the epidermis may penetrate only the stratum comeum or selected 

dqpths into the viable cell layer or underlying connective tissue layer. Similarly, if formed in the 
mucous membrane, the micropore may penetrate only the superficial part of the epithelial layer 
or selected depths into the epithelial lining or underlying lamina propria and mto tissue beneath. 
The micropore depth in either case can extend through the entire depth of the biological 

25 membrane. 
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As an example for microporating to a selected depth, if one utilizes a heat probe which 
can continue to deliver sufficient energy into or through the fixUy hydiated viable ceU layers 
beneath the stratum comeum, the poration process can continue into the body to selected depths, 
penetrating through the epidermis, the dermis, and into or through the subcutaneous layers below 
if desired. The concern when a system is designed to create a micropore ejctending srane 
distance into or through the viable tissues in the epidermis or dermis, or the epithelial lining or 
lamina propria, is how to minimize damage to the adjacent tissue and the sensation to the subject 
during die poration process. 

Experimentally, we have shown that if the heat probe used is a soUd, electrically or 
optically heated element, with the active heated probe tip physicaUy defined to be no more than a 
few hundred microns across and protruding up to a few millimeters fit>m the supporting base^ 

that a single pulse, or multiple pulses of current can deUver enough thermal energy into the tissue 
to aUow the ablation to penetrate as deep as the physical design allows, that is. untfl the support 
base limits the extent of the penetration into or through the tissue. If the electrical and thiamal 
properties of said heat probe, when it is in contact with the tissues, allow the energy pulse to 
modulate the temperature of said probe rapidly enough, this type of deep tissue poration can be 
accompUshed with essentially no pain to the subject Experiments have shown that if the 
njquired amount of thermal energy is delivered to the probe within less tfian roughly 20 
milUseconds (20-50 msec), tiiat the procedure is painless. Conversely, if the energy pulse must be 
extended beyond toughly 20 milUseconds (20-50msec). the sensation to the subject increases 
rapidly and non-linearly as the pulse widdi is extended. 

Similarly, an electricaUy heated probe design which supports this type of selected deep 
poration can be built by bending a 50 to 150 micron diameter tungsten wire into a sharp kink, 
forming a close to 1 80 degree bend with a minimal mtemal radius at this point This miniature 
'V shaped piece of wire can tiien be mounted such that tiiis 'V extends some distance out fiom 
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a support piece which has copper electrodes deposited upon it The distance to which the wire 
extends out fix^m the support will define the maximum penetration distance into the tissue when 
the wire is heated Each end of the tungsten * V will be attached to one of the electrodes on the 
support carrier which in turn can be connected to the current pulsing circuit When the current is 
delivered to the wire in an appropriately controlled fashion, the wire will rapidly heat up to the 
desired temperature to eflFect the fbcnnal ablation process in a single pulse or in multiple pulses 
of current By monitoring the dynamic iiiq>edance of the probe and knowing the coeflRcient of 
resistance vexsxis temperature of the tungsten element, closed loop control of the temperature of 
the contact point can easily be established. Also, by dynamically monitoring the impedance 
through the body ftom the contact point of the probe and a second electrode placed some distance 
away, the depth of the pore can be determined based on the different impedance proj>crties of the 
tissue as one penetrates deeper into die body. Once the in^>edance properties of a selected tissue 
of a selected organism have been routinely determined, this parameter can be used to determine 
the pore d^th and can be used in a control system to control pore dgjth. 

Likewise, one embodiment of an opticaUy heated probe design which siqrports this ty^ 

of selected depfli poration can be built by taking an optical fibCT and placing on one end a tip 
comprised of a solid cap or coatingl A light source such as a laser diode will be coiqpled into tfie 
other end of the fiber. The side of tip facing the fiber must have a high enougji absorption 
coefficient over the range of wavelengths emitted by the ligjht source that when the photons reach 
the end of the fiber and strike this face, some of them will be absorbed and subsequratly cause 
the tip to heat up. The specific design of this tip, fiber and source assembly may vary widely, 
however fibers with gross diameters of 50 to 1000 microns across are conmion place items today 
and sources emitting up to thousands of watts of optical energy are similarly common place. 
The tip formmg the? actual heat probe can be fabricated fix)m a high melting point material, such 
as tungsten and attached to the fiber by machining it to allow the insertion of the fiber into a 
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cylindrical bore at the fiber end If the distal cad of the tip has been fabricated to limit the 
thermal diflfusion away from this tip and back up the supporting cylinder attaching the tip to the 
fiber within the time frame of the optical pulse widths used, the photons incident upon this tip 
will elevate the temperature rapidly on both the fiber side and the contact side which is placed 
against the tissues surface. The positioning of the fiber/tip assembly onto the tissue surface, can 
be accomplished wifli a simple mechanism designed to hold the tip against flie surface under 
some spring tension such that as the tissue beneath it is ablated, the tip itself will advance into the 
tissue. This allows the thermal ablation process to continue into or through the tissue as far as 
one desires. An additional feature of this optically heated probe design is that by monitoring the 
black body radiated energy from the heated tip that is collected by the fiber, a very sixiq)le closed 
loop control of the tip temperature can be effected. Also, as described earlier, by dynamically 
monitoring the impedance through the body from the contact point of the probe and a second 
electrode placed some distance away, the depth of the pore can be estimated based on the 
differmt impedance properties of the tissue as one penetrates deeper'into the body. The 
relationship between pulse width and sensation for this design is essentially the same as for the 
electrically heated probe described earlier. 

For example, some vaccine applications are known to be most effective if delivered into 
the dermal layer so as to be in proximity to the Langerhan*s or dendritic cells or other cells 
important for ftis immime response. This would imply a poration dqpth designed to pass through 
the epidermis, whjich in most cases would be roughly 1 80 microns to 250 microns deep. 

As another example, "when delivering some proteins and peptides, it is desirable to 
minimize the immune response to the permeant at the site of the administration and at the same 
tune bypass the protease active zones in the skin tissues. In this case an even deeper pore may be 
desired, going as deep as 300 microns into the skiiL 
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Alternatively, it may be desirable to leave a minimally thick layer of intact stratum 
comcum to minimize rapid initial uptake of a permeant and to provide some retention of the 
stratum comeum's barrier function to provide for a controlled release over a longer period of 
time. 

5 An additional feature of this invention is tide large increase in efRciency which can be 

gained by combining the poration of the layras of the biological membrane wifli otho- permeation 
enhancement techniques which can now be optimized to function on die various barriers to effect 
delivery of the desired compound into the internal spaces as necessary for bio-effectivity. In 
particular, if one is delivering a nucleic acid compound either naked, fiagmented, encapsulated or 

10 coupled to another agent, it is often desired to get the nucleic acid into the living cells without 
kiUing the cell to allow the desired uptake and subsequent performance of the ther^y. The 
application of electroporation, iontophoresis, magnetic fields and thermal and sonic energy can 
cause openings to form, temporarily, in die cell membranes and other internal tissues. Because 
we have shown how to breach the stratum comcum or epithelial layer of the mucosal membrane 

15 or the outer layer of a plant, and if desired flie epidermis and dermis or deep« into a plant,, 

electroporation, iontophoresis, magnetic fields and thermal and sonic energy can now be used 
with parametCTs that can be tailored to act selectively on these underlying tissue barri«s and 
permeabilize the ceU,c^illary or otiiCT membranes within the targeted tissue. Electroporation, 
iontophoresis, magnetic fields, and thermal and sonic energy were previously inapplicable fbr 

20 this use. 

In the case of electroporation, where pulsus exceeding 50 to 150 volts are routinely used 
to clectTDporate the stratum comeum or outer layer of die mucosal membrane or outer layer of a 
plant, in the environment we present, pulses of only a few volts or less are sufficient to 
electroporate the cell, capillary or other membranes widiin the targeted tissue. This is principally 
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due to the dramatic reduction in the number of insulating layers present between the electrodes 
once the skdn, mucosal layer, or outer layer of a plant has been opened. 

Similarly, iontophoresis can be shown to be effective to modulate the flux of a fluid 
media containing the nucleic acid through the micropores with very smaU amounts of current due 
5 to the dramatic reduction in the physical impedance to fluid flow througji these porated layers. 

In the case of sonic energy, whereas classically sonic energy has bem used to accelerate 
the permeation of the stratum comeum or mucosal layer, by eliminating this barrier, sonic energy 
can now be used to penneabiMze the cell, capiUary or other membranes within the targeted tissue- 
As in the cases of electroporation and iontophoresis, we have demonstrated that the sonic energy 
10 levels needed to effect a notable in^jrovement in the transmembrane flux of a substance are much 
lower than when sldn or mucosal layers are left intact Other penneation cnhancem^^ 
involve changing the osmotic pressure or physical pressure at the microporated site, fer exanqple 
applying a nuld pneumatic pressure to the penneant reservoir to force a particular fluid flow into 
the organism througji flie micropores 
15 The mode of opraation of all of these active methods, electroporation, iontophoresis, 

magnetic or thermal or sonic energy, when appUed solely or in combination, after flie poration of 
the skin or mucosal layer or the outer layo- of a plant has been effected, has the advantage of 
being able to use parameters typically used in in vitro applications v/hem single ceU membranes 
are opened up for the delivery of a substance. Examples of these parameters are wcU known in 
20 the literature. For example, Sambvrook et al.. Molecular Cloning: A Laboratory Manual, 2d Ed.. 
Cold Spring Harbor Laboratory, Cold Spring Harbor, New York, 1989. 

The micropores produced in the biological membrane by the methods of the present 
invention allow high flux rates of large (as well as small) molecular weight ttierapeutic 
compounds to be delivered trarisderaially or transmucosally or transmembrane. In addition, these 
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non-traumatic microscopic openings into the body aUow access to various analytes within the 
body, which can be assayed to determine their internal concentrations. 



Delivery of Bioactive Agents 

Still another advancement of the present invention involves the use of poration of flie 
biological membrane for tihe deliveiy of a bioactive agent, e.g., polypeptides, including proteins 
and peptides (e.g., insulin); releasing factors; including LHRH; carbohydrates (e.g., heparin); 
nucleic acids; vaccines; and pharmacologically active agents such as antiinfectives such as 
antibiotics and antiviral agents; analgesics and analgesic combinations; anorexics; 
antihehninthics; antiarflmtics; antiasthmatic agents; anticonvulsants; antidepressants; antidiabetic 
agoits; antidianiieals; antihistamines; antiinflammatory agents; antimigraine pr^aradons; 
antiiiauscants; antineoplastics; antiparidnsonism drugs; antipruritics; antipsychotics; antqiyretics; 
antispasmodics; ariticholiner:pcs; sympathomimetics; xanthine derivatives; cardiovascular 
preparations including potassium and calcium channel blockers, beta-blockCTS, a^ha-blockers, 
and antiarrhythmics; antihypertensives; diuretics and antidiuretics; vasodilators including general 
coronary, peripheral and cer^ral; central nervous system stimulants; vasoconstrictors; cougji and 
cold preparations, including decongestants; hormones such as estradiol, testosterone, 
progesterone and other steroids and derivatives and analogs, including corticostCToids; hypnotics; 
immunosuppressives; muscle relaxants; parasynq>atholytics; psychostimulants; sedatives; and 
tranquilizers. By the method of the present invention, both ionized and nonionized drugs may be 
delivered, as can drugs of either higjx, medium or low molecular weig^ 

Delivery of DNA and/or RNA can be used to achieve expression of a polypeptide, 
stimulate an immune response, or to inhibit expression of a polypeptide througji the use of an 
"antisense" nucleic acid, especially an antisense RNA. The term "polypeptide" is used herein 
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without any particular intended size limitation, iinless a particular size is otherwise stated, and 
includes peptides of any length including proteins. Typical of polyp^tides that can be e?q)ressed 
are those selected fixjm the group consisting of oxytocin, vasopressin, adrenocorticotrophic 
hormone, epidermal growth factor, prolactin, luteinizing hormone releasing hormone, growth 

5 hormone, growth hormone releasing factor, insulin-like growth factors, iimilin, erythropoietin, 
obesity protein such as leptin, somatostatin, glucagon, glucagon-like insulinotropic factors, 
parathyroid hormone, interferon, gastrin, interIeukin-2 and other interleukins and lympholdnes, 
tetragastrin, pentagastrin, urogastroine, secretin, calcitonin, enkephalins, endorphins, 
angiotensins, renin, bradykinin, bacitracins, polyinixins, colistins, tyrocidin, gramicidines, and 

10 synthetic analogues, modifications and pharmacologically active firagments thereof, monoclonal 

antibodies and vaccines. This group is not to be considered limi ti ng ; the only limitation to the 

peptide or protein drug that may be expressed is one of functionality. Deliveiy of DNA and/or 

RNA is useful in gene therapy, vaccination, and any fiierapeutic situation in inliich a nucleic acid 

or a polypeptide should be administered in vivo. E.g., U.S. Patent No, 5,580,859, hereby 

15 incorporated by refcrraice. 

One illustrative embodiment of the invention is a method for obtaining long term 

administration of a polypeptide comprising porating the biological membrane and then delivering 

a DNA encoding the polypeptide through the pores in the biological membrane, whereby cells of 

the tissue take up the DNA and produce the polypeptide for at least one month, and more 

20 preferably at least 6 months. Another illustrative embodiment of the invention is a method for 
obtaming transitory expression of a polypeptide comprising porating the biological membrane 
and then delivering an RNA or DNA encoding the polypeptide through flie pores of the 
biological membrane, whereby cells of the tissue (e.g., the skin, mucous membrane, capillaries, 
or imderlying tissue) take up the RNA or DNA and produce the polypeptide for less than about 

25 20 days, usually less than about 10 days, and often less than about 3-5 days. The cells which take 
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up the RNA or DNA could include the cells of the biological membrane, the underlying tissue or 
other target tissue reached by way of the capillaries. 

The DNA and/or RNA can be naked nucleic acid optionally in a carrier or vehicle, and/or 
can be contained within microspheres, liposomes and/or associated with transfection-facilitating 
proteins, microparticles, lipid complexes, viral particles, charged or neutral lipids, carbohydrates, 
calcium phosphate or other precipitating agents, and/or other substances for stabilizing the 
nucleic acid. The nucleic acid can be contained in a viral vector that either integrates into the 
chromosome or is nonintegrating, in a plasmid, or as a naked polynucleotide. The nucleic acid 
can encode a polypeptide, or alternatively can code for an antisense RNA, for example for 
inhibiting translation of a selected polypeptide in a cell. When the nucleic acid is DNA. it can be 
a DNA sequence that is itself non-replicating, but is inserted into a plasmid wherein the plasmid 
further conq>rises a replicator. The DNA may also contain a transcriptional promoter, such as tiie 
CMV IBP promoter, i^ch is functional in htunans. The DNA can also encode a polymerase for 
transcribing the DNA. In one preferred embodiment, the DNA codes for both a polypeptide and 
a polymerase for transcribing the DNA. The DNA can be delivered together with the polymerase 
or with mRNA coding tfierefor, ^iiich naRNA is translated in the cell. In this embodiment, the 
DNA is preferably a plasmid, and the polymerase is preferably a phage polymerase, such as the 
T7 polymerase, uiierein the T7 polym^^e gene should include a T7 promoter. 

The method can be used to treat a disease associated with a deficimcy or absence or 
mutation of a specific polypeptide. In accordance with another aspect of the invention, the 
method provides for immunizing an individual, wherein such individual can be a human or an 
animal, comprising delivering a DNA and/or RNA to the individual wherein the DNA and/or 
RNA codes for an immunogenic translation product that elicits an immune response against the 
immunogen. The method can be used to elicit a humoral immune response, a cellular immune 
response, or a mixture thereof 
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Example 40 

This illustrative example shows the preparation and delivery of an mRNA. 

In general, it should be apparait that, in practicing the invention, a suitable plasmid for in 
vitro transcription of mRNA can be readily constructed by those of ordinary skill in the art with a 
virtually unlimited number of cDNAs. Such plasmids can advantageously conqnise a promoter 
for a selected RNA polymerase, followed by a 5' untranslated region, a 3* untranslated region, 
and a template for a polyadenylate tract TTiere should be a unique restriction site between these 
5* and 3' untranslated regions to facilitate the insertion of any selected cDNA into the plasniid. 
Then, after cloning the plasmid containing the selected gene, the plasmid is linearized by 
digestion in the polyadenyladon region and is transcribed in vitro to form mRNA ttanscr^ 
Hiese transcripts are preferably provided with a 5' cap. Alternatively, a 5* untranslated sequence 
such as EMC can be used, which does not require a 5* cap. 

The readily available SP6 cloning vector^ pSP64T, provides 5* and 3' flanking regions 
fiomtheXenopus -globin gene, an efficiently translated mRNA- Any cDNA containing an 
initiation codon can be introduced into this plasmid, and mRNA can be prepared from tiie 
resulting template DNA. This particular phismid can be digested with BglH to insert any selected 
cDNA coding for a polypeptide of interest. Althougji good results can be obtained with pSP64T 
when linearized and then transcribed with SP6 RNA polymerase, it is preferable to use the 
Xenopus-globin' flanking sequences of pSP64T with the phage T7 RNA polymerase. This is 
accomplished by purifying an approximately 150bpHindIII/EcoiafiagmentfiompSP64Tahd 
inserting it into a linearized approximately 2.9 kb Hindm/EcoRI fragment of pIBI13 1 
(commercially available fiom International Biotechnolo^es, Inc.. New Haven, Conn.) wifli T4 
ligase. The resulting plasmid, pXBG, is adapted to receive any gene of interest at a unique Bgffl 
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site situated between the two Xenopus -globin sequences and for transcription of the selected 
gene with T7 polymerase. 

A convenient marker gene for demonstrating in vivo expression of exogenous 
polynucleotides is chloramphenicol acetyltransferase. CAT. The CAT gene from the smaU 
Bamffl/Hindm fiagment of pSV2-CAT (ATCC No. 37155) and the BgUI-digested pXBG axe 
both incubated with the Klenow fiagment of E. coli DNA polymerase to generate blunt ends, and 
then are Ugated with T4 DNA ligase to form pSP-CAT. This plasmid is then digested with PsU 
and Hindm and the small fragment, comprising the CAT gene between the 5' and 3' -globin 
flanking sequences of pSP64T. The T7 promoter-containing plasmid pIBI13 1 is also digested 
wifli PsU and Hindm, and the long fragment is purified. This fragment is then Ugated to the 
CAT gene containing fiagment witfi T4 DNA ligase to form the plasmid pT7CAT-An. 

The pT7CAT-An plasmid DNA is purified according to mediods well known in the ait, 
e.g. U.S. Patent No. 5,580.859. The itssulting purified plasmid DNA is then linearized 
downstream of the polyadenylate region with an excess of Pstl. and the resulting linearized DNA 
^ is then purified and transcribed in vitro according to the method of Example 5 of U.S. Patent No. 
5,580,859. The resulting mRNA is then purified according to the mediod of Exanq>le 5 of U.S. 
Patent No. 5,580,859. which is sufficienfly pure for ddivery according the present invention. 

The purified mRNA is deUvered by porating a selected site on an individual according to 
the microporation procedures with selected pore depth vrfiich optimizes bioactivity and 

delivering an effective amount of mRNA to such site such that the mRNA passes through the 
skin or mucous membrane into the underlying tissue, where the mRNA is taken iq> by the cells. 
This delivery through the porated stratum comeum or mucous membrane can be aided with sonic 
energy and/or use sonic energy JK^ording to the procedure of Example 15 and/or widi 
electroporation to enhance cellular uptake, and/or with a pressure differential for inducing flux 
through the pores in the skin or mucous membrane. Moreover, deUvery can be aided by placing 
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the mRNA is a carrier solution, such as a positively charged lipid complex or liposome, for 
enhancing the diffusion of the mRNA through the pores into the body or for facilitating uptake of 
the mRNA into cells. 

5 Example 41 

This example shows immunization of an individual with mRNA encoding the gp 120 
protein of HIV. The mRNA is prepared according to the procedure of Example 40 excqpt the 
gene for gp 1 20 ^IllcnvS- 1 from the AIDS Research and Reagent Program, National Institute of 
Allergy and Infectious Disease, Rockville, MD) is inserted into the plasmid pXBG of Example 
10 40. The mRNA containing the gp 120 gene is delivered according to the procedure of Example 
40. 

Example 42 

This example shows immunization of an individual with DNA encoding the gpl20 
15 protein of HIV. The gpl20 gcno is inserted into a recombinant adenovirus according to die 

procedure of P. Mu2zin et al.. Correction of Obesity and Diabetes in Gmetically Obese Mice by 
Leptin Gene Therapy, 93 Proc. Natl Acad Sci. USA 14804-14808 (1996); G. Chen et aL, 
Disappearance of Body Fat in Normal Rats Induced by Adenovirus-mediated Leptin Gene 
Therapy, 93 Proc. Natfl Acad. ScL USA 14795-99 (1996), hereby incorporated by refearence. The 
20 resulting DNA is delivered according to the procedure of Example 41 . 

Exan^le 43 

In this example, the procedure of Example 42 is followed except that DNA 
encoding glycoprotein D of HSV-2 is substituted for the DNA encoding gpI20 protein and 
25 additionally is combined with an effective amount of the glycoprotein D. 

SUBSTITUTE SHEET (RULE 26) 



wo 98/29134 



112 



PCT/US97/24127 



Example 44 

In this example, a nucleic acid encoding die obesity protein leptin, such as a human leptin 
or a rat leptin cDNA, C. Guoxun et al.. Disappearance of Body Fat in Nonnal Rats hiduced by 
Adenovims-mediated Leptin, 93 Pioc. Natl Acad. Sci. USA 14795-99 (1996), or a mouse lq,tin 
cDNA. P. Muzzin et al.. Correction of Obesity and Diabetes in Genetically Obese Mice by Leptin 
Gene Therapy. 93 Pioc. Natl Acad. Sci. USA 14804-14808 (1996). both of which are hereby 
incorporated by reference, is delivered in ah appropriate plasmid vector. The mammalian 
expression vector, pEUK-Cl (Clontech, Palo Alto, Calif.) is designed for transient expression of 
cloned genes. This vector is a 4.9 kb plasmid comprising a pBR322 origin of replication and an 
ampicillin resistance marker for propagation in bacteria, and also comprismg the SV40 origin of 
repUcation. SV40 late promoter, and SV40 late polyadenyiation signal for replication and 
egression of a selected gene in a mammalian ceU. Located between the SV40 late promoter and 
SV40 late polyadenyiation signal is a multiple cloning site (MCS) of unique XhoL Xbal, Smal. 
SacL and BamHI restriction sites. DNA ftagmenls cloned into the MCS are transcribed into 
RN A fiom the SV40 late promoter and are translated from the first ATG codon in the cloned 
fiagments. Transcripts of cloned DNA are spUced and polyadenylated using the SV40VPI 
processing signals. The leptin gene is cloned into the MCS of pEUK-Cl usmg techniques weU 
known in the ait. e.g. J. Sambrook et al.. Molecular Cloning: A Laboratory Manual (2d ed.. 
1989). hereby incorporated by refeiwice. The resulting plasmid is deUvered to a human or 
animal individual after poration of the skin or mucosal membrane according to the procedure 
desCTibed above in the previous examples. 
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Example 45 

Delivery of Heparin. Heparins are useful therapeutic substances wherein the maintenance of a 
basal level equivalent to an intravenous infiision of roughly 1000 to 5000 lU per hour, 
subcutaneous injections twee daily of 5000-1000 lU of heparin, orl500-6000 lU of low 

molecular weight heparins is a typical clinical dosage. NormaUy, heparin would not be 
considered a good candidate for a transdermal deUvery system because of its relatively hi^ 
resistance to crossing the skin due mainly to the molecular weight, 5000 to 30000 Da, of the 
substance. With the microporation techniques disclosed herein, a significant flux rate of heparin 
was easfly achieved when a sufficient quantity of hq)arin, such as from a delivery reservoir 
attached to the skin surface where the micropores were placed, was administered- A hi^arin 

solution was applied to skin porated to a dq>th of approximately 100 pm. allowing dthcrpassive 
diffusion or coupled with iontophoresis (about ImA/cm*) that was appUed for a sufficient period 
of time to transport the heparin through the micropores into the underlying tissues. Evidence of 
deUvery of heparin was observed by increased capillary dilation and permeability as cvidoiced 
by microscopic examination of the in vivo site for both the passive and iontophoredcally 
enhanced deUvery. In addition to showing a significant heparin flux using passive dif&sion as 
ttie main driving force, h«5>arin. being a highly charged compound, is a natural candidate for the 
coupling of an electrical field with the micropores to allow for an actively controllable flux rate 
and higher flux rates than possible through the same number of micropores than is possible with 
tihe passive diffiision method. An experiment was conducted wherein a site on the volar forearm 
of a healthy male volunteer was prepared by creating a matrix of 36 micropores within a 1 square 
cm area. A small reservoir containing a sodium heparin solution and the negative electrode fijr 
an iontophoretic system was attached to the site. The positive electrode was attached to the 
subject's skin some distance away using a hydrogel electrode obtained from lomed, a commercial 
supplier of iontophoretic systems. The system was run for ten minutes at 0.2 milliamperes per 
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square cm. After this period, microscopic examination of the site showed direct evidence of the 
delivery of heparin ftom the vasodilation of the capillaries and when a suction force was applied 
to extract a sample of interstitial fluid ftom the micropores, enough red blood cells exited the 
capillaries under this force to tint the coUected ISF pink, indicating increased vaso-penneability 
in the area. Fuiithennore, when placed aside to see if the red cells would clot, no clotting took 
place, indicating the anticlotting effect of the heparin present in the tissues at work. 

Example 46 

Delivery of Insulin: Insulin, like many compounds normally present in the healthy individual, 
is a polypeptide which must be maintained in individuals, such as diabetics who need exogenous 
insulin, at both a basal level and be given in a pulsatile bolus fashion in response to meals and 
the subject's activity levels. CurrenUy this is achieved via subcutaneous injections of fiist acting 
and slow acting formulations. Because of the molecular weigjit of insulin, typically - 6000, it is 
not able to be delivered at clinically useful levels with traditional transd^mal or transmucosal 
mediods. However, by opening the micropores througji the barrier layers of the skin or mucosa, 
a clear pafli is provided allowing the delivery of the msulin into the viable tissues wherein tfie 
interstitial fluid present in these tissues will allow diffusion (including osmotically driven) of the 
faisulin to and into the lymph system and capillary bed, delivering clinically useful amounts. A 
concentrated insulin solution containmg 3500 lU/ml of recombinant human insulin purchased 
from Boehringer-Mannhein Co., was applied in a reservoir to a porated area of the subject's skin 
on the volar forearm covering 4 square cm. The healthy, 44 year old, male, non-diabetic, subject 
fested for 14 hours prior to the start of die experiment Intravenous and finger stick blood 
san^>les were drawn pmodically prior to and after the delivery phase began and assayed for 
glucose, insulin and C-peptide. The finger stick blood glucose data showed a significant and 
rapid depression of the subject's glucose levels after approximately 4 hours, dropping fix)m 100 
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mg/dl at the start to 67 mg/dl over a ten minute cycle and then returning to 100 in an additional 
ten minutes, hypothesized to be due to the subject's counter-regulatory system engaging and 
compensating for the delivered insulin. A repeat of this procedure with the addition of 
ultrasound operating at 44 khz, and 0^ watts/square cm indicated a more rapid delivery of the 
insulin as evidenced by the subject's glucose levels which dropped fixan 109 mg/dl to 78 mg/dl 
less than 30 minutes after the delivery began. As in the case of example 45, for heparin delivery, 
a low current iontophoretic system can be coupled with the micropores to faciUtate a greater flux 
rate and provide the abUity to modulate this flux rate by varying the current, aUowing a delivery 
on demand type of system to be built Previous work with insulin has typically shown that 
relatively hi^ iontophoretic currents are required to overcome the strong barrier properties of flie 
mtact stratum comeum. By porating the stratum comeum or mucosa, and optionally setting the 
poration parameters to make a deeper pore into or througji the targeted biological naembrane, a 
lower curroit density is required to produce die desired insulin flux rates. 

Similarly, for xmcharged or lowei-charged insulin formulations, an active flux 
enhancement through the micropores can be effected by coupling a sonic field or sonophoresis. 
which may include frequencies normally described as ultrasonic, to help push fee insulin mto the 
tissues. An additional feature of the sonic field is its abiUty to enhance Ae permeabiHty of the 
various barriere within the viable tissues letting the insulin reach a larger volume of tissue over 
which the desired absorption into the blood stream can take place. Moduhiting the sonic energy 
has been shown, to be very effective in modulating the total flux of a compound throu^ the 
micropores into or through the deeper tissues, providing a second means of developing a bolus 
delivery syston. 

The exact pathways of absorption of insulin when given as a subcutaneous injection are 
still a subject of some debate. One of the reasons this is stiU unclear is the widely varying levels 
of bio-availabiUty demonstrated within a population, or even the same subject, on an injection- 
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by-injection basis. One hypothesized pathway is the direct absorption through the capillaries and 
into the blood stream. A metiiod for enhancing this process is to couple electroporation with the 
surface poration, where the electroporation has been specificaUy optimized to work in the region 
of the capUlaiy endotheUal membranes, creating temporarily, a large number of openings to 
enhance this direct absoiption. As with the iontophoresis and sonophoresis described previously, 
the total voltage ampUtude levels of the electroporation system required to effect this type of 
electroporation within these tissue layers beneath the outer surfece are often lowo; than needed to 
penetrate flirough an intact outo- surfece^e to the reduction of the bulk in^edance of the outer 
layw of the biological memlvane. 

Exanq>l6 47 

DeUveryofmicroparticles: The use ofliposomes, lipid complexes, microspheres including 
nanospheres, PEGeUated compounds (compounds combined with polyethylene glycol) and oflier 
microparticles as part of a drug deUvery system is weU developed for many different specific 
appUcations. In particular, when dealing with a compound which is easUy broken down by the 
endogenous components m the body's tissues such as protease, nuclease, or caibohydrase 
enzymes m the skin, tissues, the macrophages or <ither <ieUs present m the blood stream or lymph, 
inraeases in bio-availability and/or sustained release can ftcquently be realized by utilizing one 
of these techniques. Cunently. once one has applied one of these techniques, the formulation is 
generally deUvered via some type of injection. The present invention, by creating micropores 
through a biological membrane (e.g., the skin or a mucous membrane) and into the body to a 
selected deptii, allows this type of microparticle to be delivered through the skin or mucosa. As 
described in tiie insulin example above, microporation, electroporation, iontophoresis, sonic 
energy, enhancers, as well as mechanical stimulation of the site such as pressure or massage may 
be combined in any combination to enhance the delivery and/or uptake of a specific formulation. 

SUBSTITUTE SHEET (RULE 26) 



PCT/OS97/24m 

WO 98/29134 

117 

In the case of some engineered microparticles, the pores may have an optimal depth designed to 
bypass certain biologically active zones or place the particle within the zone of choice. For some 
microparticle delivery systems, the energy incident upon the particles after they have been 
delivered into or through the tissues beneath the surface may be used to trigger the accelerated 
release of the active compound, thereby allowing the external control of the flux rate of the 
therapeutic substance. 

..- — . Example 48 
Microparticles for implantable analyte monitorinjg: Anothw application of microparticles is to 
deliver a particle not as a therapeutic agent but as a carrier of a probe compound which could be 
interrogated non-invasively, for example, via electro-magnetic radiation ftom an esrtjsmal reader 
system to obtain information regarding the levels of a specific analyte in the body. One example 
is to incorporate in a porous microsphere a glucose specific fluorophore compound which, 
depending on the levels of glucose present in the surrounding tissues, would alter its fluorescent 
response in either ampUtude, wavelength, or fluorescent lifetime. If the fluorophore was 
designed to be active with an excitation wavelengtfi ranging fixm 700 nm to 1500 nm. a low 
cost infiared light source such as an LED or laser diode could be used to stimulate its fluorescent 
response, which would similarly be in this raiige of ftom 700 nm to 1500 nm. At these 
wavelengths, the skin and mucosal tissues absorb very Uttle and would therefore allow a single 
system to be built along fliese lines. 

Glucose is one candidate analyte, for which ejqierimental lifetime fluorescence probes 
have been developed and incorporated into subcutaneously inserted polymer implants which 
have been successfully interrogated through the skin with optical stimulation and detection 
methods. It would merely require the reformulation of these experimental implants into suitably 
sized microparticles to allow the delivery into or through the viable tissue layers via the 
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micropores. However, any analyte could be targeted, and the method of interrogating the 
delivered micioparticles could be via magnetic or electric field rather than optical energy. 

Example 49 

Delivery of a Vaccine 

A bacterial, viral, toxoid or mixed vaccine is prepared as a solid, liquid, suspension, or 
gel as required. This formulation could include any one or combination of peptides, proteins, 
carbohydrates, DNA, RNA, entire microorganisms, adjuvants, carriers and the like. A selected 
site of an individual is porated (skin or mucous membrane) according to the procedures described 
above in Example 45 and the vaccine is applied to the porated site. The depth of the micropores 
may depend on the type of vaccine delivered. This delivery can be aided with electrpporation, 
iontophoresis, magn^c or sonic energy, enhances, as well as mechanical stimulation of the site 
such as pressure or massage according to the procedures described above and/or use 
electroporation, iontophoresis, magnetic or sonic energy, enhancers, as well as mechanical 
stimulation of the site such as pressure or massage to enhance cellular iq)take. Additional or 
.reinforcing doses can be delivered in the same maimer to achieve immimization of the individual. 

Example SO 

Delivery of Testosterone: A conmiercially available testosterone patch, the Androderm'^palch 
fiom ThCTaTech, Inc., was used in a set of e3q)eriments to evaluate the benefits of microporation 
as it Implies to the delivery of this permeant A hypergonadic male subject went oCT Androdcim 
therapy for two days, after vAnch a series of venom blood sanq)les were drawn during the 
subsequent 24 hour period to establish this subject's baseline levels of testosterone. Two 2.5 mg 
Androderm patches were then installed as recommended by the manufacturer and a sunilar set of 
venous blood san^)le were drawn to rheasure the testosterone levels when the only transdermal 
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flvsx enhancement method being used was the chemical pemieation enhancers contained in the 
patch- After two more days of a washout period, two 2.5 Androdenn patches were then similarly 
installed . but prior to the installation, the skin surface at the target sites was porated with 72 
micropores per site, each pore measuring approximately 80 pm in width and 300 pm in length 
and extending to a depth of 80 to 120 pm For the porated delivery phase a similar set of vraoiis 
blood sample were drawn to measure the testosterone. The data from all tiiree of these twenQr 
four hour periods is shown in the FIG. 35 tided 'Effects of Microporation on Transdermal 
Testosterone Delivery*. A noteworthy feature of these data is diat when the microporaticnis are 
present, the testosterone levels in the subjects blood elevate much more rapidly, essentially 
preceding the rising edge of the un-porated cycle by more than four hours. Looking at die slope 
of and area under the curve we can calculate that more tfian a three-fold flux rate enhancement 
took place due to the micropOTatiorjs during die first four hours. 

Example 51 

Delivery of Alprostadil: AlprostadU, or PGEl, is a prostaglandin used therapeutically to treat 
male erectUe dysfunction via it's vasodilator behavior. The standard delivery mode for this drug 
is a direct mjection mto the base of the penis or via a si^pository insated into flie ureflna. A set 
of wqieriments were conducted with two healthy male volunteers. Each subject had a site of 1 
square cm on the base of the penis shaft prepared by porating 12 to 36 micropores on this area, 
with the thermal poration parameters set to create pores roughly 100 microns deep as measured 
fiom the surface of the skiiL A concentrated solution of alprostadil was placed in a small 
reservoir patch placed on the poration site, an ultrasonic transducer was theri placed on the top of 
the reservoir and activated and ttie subject's erectile and other clinical responses were recorded 
on video tape. Both subjects developed a significant amount of aigorgement of the penis, 
estimated as achieving 70% of more of a full erection at the dose applied. In addition, a malar 
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flush response to the systemic levels of the drug delivered was observed. Over a 30 to 60 minute 
delivery period, both subjects developed a profoimd malar flush extending fix)m the face, neck, 
chest and arms. Both the erectile response and the malar flush provide evidence of the delivery of 
a clinically active amount of the drug, a well know vasodilator. 

Example 52 

Delivery of Interferon: Interferons are proteins of approximately 17-22,000 molecular weif^t, 
that ar« administered clinically to treat a variety of disease states, such as viral infections (eg., 
hepatitis B and C), immune diseases (such as multiple sclerosis), and cancers (e.g., hairy cell 
leukemia). Due to their protem nature, interferons must currently be administered by injection, 
as they cannot be given orally and are too large for traditional transdermal or transmucosal 
delivery methods. To demonstrate delivery of an interferon via the microporadon technique, a 
100 rrlicroliter aliquot of alpha-interferon solution containing interferon with a specific activity of 
100 million international units of interfiaon per mg dissolved in 1 ml of delivery solution, is 
^lied to a 1 square cm area of porated skin, porated to a depth of 150-180 pm, thus felling 
short ofthe capillary bed, on the thigjiofa healthy human subject Trials are run using either 
purely passive diffusion and with the application of sonic energy to flie region at sufficient 
an^Iitude, frequency, and modulation thereof to accelerate the migration ofthe interferon 
through pores into or througji ttie underlying tissues without causing deleterious heating ofthe 
interferon solution. Venous blood draws are taken at various time intCTvals for both trials, and 
arc assayed for interferon levels using radio-immunoassay and bioassay. Interferon is detected in 
the serum over the 4 hour time period monitored. The interferon levels for the sorucally enhanced 
delivery experiment are detected sooner than for the passive experiment In another experiment, 
the interferon is administered in dry powder form directiy to the micropores in the porated area of 
the skirL Interferon is detected in the senun using the same techniques as described above. In 
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another test, the interferon solution is applied in a gel with or without a backing fikn to die 
porated tissue of the buccal mucosa. Venous blood is drawn and assayed for interferon levels. 
Interferon is detected in the serum over the 3 hour time period monitored. In another e3q)erimeQt, 
the interferon is incorporated into a tablet containing a bio-erodable matrix, with a muooadhermt 
polymer matrix that provided contact of the tablet over the area of buccal mucosa that is porated. 
Interferon is detected in the serum using the same techniques as described above. 

Example S3 

Delivery of morphine: A solution of morphine is ^lied to a porated area on the volar forearm 
of the human subjects. A positive pressure gradient is used to provide a basal delivery rate of the 
morphine into the body, as determined by assay of venous blood draws at appropriate tinae 
intervals for the presence of morphine. A basal level of morphine of approximately 3-6 ng/nsl is 
achieved- l^n demand, an additional pressure bolus is appUed to result in a spike ^ 
delivery of the morphine. The additional pressure bolus is achieved in one test by use of 
ultrasound; or in another experiment by the use of a pressure spike. This type of delivery, in 
which a basal level of the morphine is continuously applied, witti spikes in morphine delivery 
periodicaDy upon demand, is useM in treating chn>nic and breakthrougih paiiL 

Example 54 

Delivery of a disease resistant DNA into a plant: The seeds of a selected com plant are 
microporated. The seeds are placed in a solution of a permeant formulation containing DNA that 
encodes disease resistance proteins. Sonic energy is used, optionally, to enhance the delivery of 
the DNA into the com seeds. The seeds are gcaminated and grown to maturity. The resulting 
seeds of the mature com plants now carry the disease resistant gene. 
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Example 55 

Delivery of DNA into a plant: The seeds of a sugar beet are microporated. The seeds are placed 
in a solution of a permeant formulation containing DNA that encodes human growth hormone. 
Electropomtion, iontophoresis, sonic energy, enhancers, as well as mechanical stimulation of die 
site such as pressure may be used to enhance the delivery of the DNA into the seeds. The seeds 
are germmated and grown to maturity. The resulting mature beet plant ran now be harvested and 
the human growth hormone extracted for subsequent purification and clinical use. 

Example 56 

An experiment was conducted wherein fluorescent dextran particles. MW approximately 10,000 
Daltons, were applied m an aqueous solution by means of a reservoir patch over a one square cm 
of skin on the volar forearm of a human subject ^ere 36 micropores extcndmg proximately 
80 )im in d^th were formed. The reservoir pateh was left in place for 5 minutes. Theporated 
site and surrounding area were imaged wifli a fluorescent video microscope to ervaluate the 
penetration of the permeant into the tissue. The fluorescence showed that within 5 minutes 
significant pemieation of dextran occurred more than 2rnm away fit)m the nearest m 
The video assay system used 1 0 minutes later showed finther difiusion so that the fluorescoit 
flush extended 1 0 mm from the pores. This e35>erimcQt gives clear evidrace that this technique 
allows delivery of permeants wifli molecular weigjits of 1 0,000. 
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CLAIMS 

1 . A method for enhancing the transmembrane flux rate of a permeant into a selected 
site of an organism comprising the steps of enhancing the permeability of said selected site of the 
organism to said permeant by means of 

(a) porating a biological membrane at said selected site by means that form a micropore 
in said biological membrane, thereby reducing the barrier properties of said biological membrane 
to the flux of said permeant; and 

(b) contacting the porated selected site with a composition comprising an effective 
amount of said permeant, whereby the transmembrane flux rate of said permeant into the 
organism is enhanced. 

2. The method of Claim 1 fiirtho- comprising applying to said site of said organism 
an enhancer to increase the flux of said permeant into said organism. 

3. The method of claim 2 wherein said enhancer comprises sonic energy. 

4. The method of claim 3 wherein said sonic energy is applied to said site at a 
firequmcy in the range of about lOHz to 1000 MHz, indierein said sonic energy is modulated by 
means of a member selected fiiom the group consisting of frequency modulation, anq>litude 
modulation, phase modulation, and combinations thereof. 

5. The method of Claim 2 wherein said enhancer comprises an electromagnetic field. 



6. The method of Claim 5 wherein the electromagnetic field comprises 
iontophoresis. 
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7. The method of Claim 5 wherein the electromagnetic field comprises a magnetic 

field. 

8, The method of claim 2 wherein said enhancer comprises a mechanical force. 
9 The method of claim 2 wherein said enhance comprises chemical enhance. 

1 0. The method of claim 2 herein any of the methods of claims 3, 4, 5, 6, 7, 8, or ! 
may be applied in any combination thereof to increase the transmembrane flux rate of said 
permeant into or through said micrc^xjrB. 

11. The method of claim 2, wherein said enhancers at said site are ^plied so as to 
increase die flux rate of flie permeant mto tissues surrounding the micropore. 

12. The method of claim 1 1 , 'V^^erein said enhancer comprises sonic energy. 

13. The method of claim 12 wherein said sonic energy is applied to said site at a 
frequency in the range of about lOHz to 1000 MHz, wherein said sonic energy is modulated by 
means of a member selected fit)m the group consisting of frequency modulation, an^>litude 
modulation, phase modulation, and combinations thereof. 

14. The method of claim 1 1 , wherein said enhancer comprises electioporation. 



15. 



The method of claim 11, wherein said enhancer comprises iontophoresis. 
SUBSTITUTE SHEET (RULE 26) 



wo 98/29134 



PCT/US97/24127 



125 

16. The method of claim 1 1, wherein said enhancer comprises chemical enhancers. 

17. The method of claim 1 1 , wherein said enhancer comprises a mechanical force. 

1 8. The method of claim 1 1 \^dlerein said enhancer comprises a magnetic field. 

1 9. The method of claim 1 1 , wherein said enhancer conq)rises any combination 
thereof of the methods of claims 12, 13, 14, 15, 16, 17, and 18. 

20- The method of claim 10 further comprising the method of claim 19. 

21. The method of Qaim 1 wherein said porating of said biological membrane in said 
site is accomplished by means selected from the group consisting of (a) ablating the biological 
membrane by contacting said site of said biological membrane with a heat source such that a 
micropore is formed in said biological membrane at said site; (b) puncturing said biological 
membrane with a micro-lancet calibrated to form a micropore; (c) ablating the biological 
membrane by a beam of same energy onto said biological mranbrane; (d) hydraulically 
puncturing said biological membrane with a high pressure jet of fluid to fonn a micropore and (e) 
puncturing said biological membrane with short pulses of electricity to fonn a micropore 

22. The method of Claim 21 wherein said porating is accomplished by contacting said 
site, up to about 1 000 ^un across, with a heat source to conductively transfer an effective amount 
of thermal energy to said site such that the temperature of some of the water and other 
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vaporizable substances in said site is elevated above their vaporization point creating a micropore 
to a selected dq)th in the biological membrane at said site. 

23. The method of Claim 2 1 wherein said porating is accomplished by contacting said 
site, up to about 1 000 \an across, with a heat source to conductively transfer an effective amount 
of thermal energy to said site such that the ttmperature of some of the tissue at said site is 
elevated to the point whrae thermal decomposition occurs creating a micropore to a selected 
depth in the biological membrane at said site. 

24. The mefliod of claim 21 comprising treating at least said site with an efifective 
amount of a substance that exhibits sufficient absorption over the emission range of a pulsed 
Bght source and focusmg the ou^ut of a series of pulses fiom said pulsed light source onto said 
substance such that said substance is heated sufficiently to conductively transfw an effective 
amount of themial energy to said biological membrane to elevate the temperature to thereby 
create a micropore. 

25. The method of Claim 24 wherein said pulsed Ugjtt source eanits at a wavelengtti 
Aat is not significantly absorbed by said biological meinbrane. 

26. The method of Claim 25 wherein said pulsed Ught source is a laser diode ranitting 

■ ( 

in the range of about 630 to 1550 nm. 

27. The method of Claim 25 v^erein said pulsed li^t source is a laser diode pumped 
optical parametric oscUlator emitting in the range of about 700 and 3000 nm. 
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28. The method of Claim 25 wherein said pulsed light source is a member selected 
from the group consisting of arc lamps, incandescent lamps^ and light emitting diodes. 



29. The method of claim 2 1 fiirther comprising providing a sensing system for 
determining when the micropore in the biological membrane has reached flie desired dimensions. 

30. The method of claim 29 wherein said sensing system comprises light collection 
means for receiving light reflected from said site and fociising said reflected light on a detector 
for receiving said light and sending a signal to a controller wherein said signal indicates a quali^ 
of said li^it, and a controller coupled to said detector and to said light source for receiving said 
signal and for shutting off said ligjit source when a preselected signal is received. 

31. The method ofclaim 29 wherein said sensing system con^jrises an electrical 
impedance measuring system which can detect the changes in the impedance of the biological 
membrane at diffenoit depths into the organism as the micropore is formed. 

32. The method of claim 21 further comprising cooling said site arid adjacent tissues 
such that said site and adjacent tissues are in a cooled condition. 

33. The method of claim 32 wherein said cooling means comprises a Pelti^ device. 

34. The method of claim 2 1 further comprising, prior to porating said site , 
illuminating at least said site with light such that said site is sterilized. 
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35. The method of claim 2 1 comprising contacting said site with a solid elmieat, 
wherein said solid element functions as a heat source to conductively transfer an eflFective 
amount of thermal energy to said biological membrane to elevate the temperature to thereby 
create a micropore. 

36. The method ofclaim 35 wherein said heat source is constructed to modulate the 
ten^erature of said site to greater than lOO'^C within about 10 nanoseconds to 50 milliseconds 
and then returning the temperature of said site to approximately ambient temperature within 
about 1 millisecond to 50 milliseconds and wherein a cycle of raising the tcmpCTature and 
returning to ambient temperature is repeated one or more tim« effective for porating Ae 
biological membrane to the desired d^th. 

37. The method ofclaim 36 whcrdn said returning to s?)proxiinately ambient 
temperature of said site is canied out by withdrawing said heat source from contact with said 
site. 

38. The method ofclaim 36 herein the modulation parameters are selected to reduce 
sensation to the animal subject. 

39. The method ofclaim 3 1 furthca- comprising providing means for monitoring 
electrical impedance between said solid element of claim 35 and said organism through said site 
and adjacent tissues and means for advancing the position of said solid element such that as said 
poration occurs with a concomitant change in impedance, said advancing means advances the 
solid element such that the solid element is in contact with said site during heating of the solid 
element, until the selected impedance is obtained 
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40. The method of claim 3 8 further comprising means for withdrawing said solid 
element from contact with said site wherein said monitoring means is capable of detecting a 
change in impedance associated with contacting a selected layer imderlying tfie surface of said 
site and sending a signal to said withdrawing means to withdrawn said solid element from 
contact with said site. 

41. The method of claim 35 wherein said solid client is heated by delivering an 
electrical current througji an ohmic healing element 

42. The method ofclaim 35 wherein said solid element is formed such that it contains 
an electrically conductive component and the temperature of said solid element is modulated by 
passing a modulated electrical current through said conductive element 

43. The method ofclaim 35 wherein said solid elem^t is positioned in a modulatable 
magnetic field wherein energizing the magnetic field produces electrical eddy currents su£Scient 
to heat the solid elemCTt 

44. The method of Claim 2 1 wherein said poration is accomplished by puncturing 
said site with a micro-lancet calibrated to form a micropore. 

45. The method of Claim 21 wherein said poration is acconq>lished by a beam of 
sonic energy directed onto said site. 

46. The method of Claim 21 wherein said poration is accomplished by hydraulically 
puncturing said biological membrane with a high pressure jet of fluid to form a micropore. 
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47. The method of Claim 2 1 wherein said poration is accomplished by pxmcturing 
said biological membrane with short pulses of electricity to fomi a micropore. 

48- The method of Claim 1 wherein said permeant comprises nucleic acid. 

49. The method of Claim 48 wherein said nucleic acid conq)rises a DNA . 

50. The method of Claim 48 wherein said nucleic acid comprises KNA. 

51. The method of claim 1 , whwein the micropore in the biological membrane 
extends into a portion of the outer layer of the biological membrane ranging finom 1 to 30 microns 
ill depQu. 

52. The method of claim 1 , wherein Ac micropore in the biolo^cal membrane 
extends thxDugh the outer layer of the biological membrane ranging from 10 to 200 microns in 
depth- 
SB. The method of claim 1 , wherein the micropore in the biological membrane 

extends into the connective tissue layer of the biological membrane ranging from 100 to 5000 
microns in depth. 

54. The method of claim 1 , wherein the micropore in the biological membrane 
extends through the cormective tissue layer of the biological membrane ranging from 1000 to 
10000 microns in depth. 
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55. The method of claim 1 , wherem the micropore penetrates the biological 
membrane to a depth detennined to facilitate desired activity of the selected permeant 

56. The method of claim 1, \i*erein the permeant comprises a polypqpdde. 

it 

57. The method ofclaim 56, wherein the polypeptide is a protein. 

58. The mettiod of claim 56, wherein the polypeptide conqnises a peptide. 

59. The method ofclaim 58, wherein the peptide comprises insulin. 

60. The method ofclaim 58, wherein the peptide comprises a releasing fiictor. 

61 . The method of claim 1 , wherein the permeant comprises a carbohydrate. 

62. The method of claim 6 1 , wherein the carbohydrate comprises heparin. 
63- The method of claim 1 , wherein permeant comprises an analgesic. 

64. The method of claim 63, wherein the analgesic comprises an opiate. 

65. The method ofclaim 1 , wherein the permeant comprises a vaccine. 

66. The method of claim 1 , wherein the permeant comprises a steroid. 
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67. The method of claim 1 , wherein the permeant is associated with a carrier. 



68. The method ofclaim 67. wherein the carrier comprises liposomes. 

69. The method ofclaim 67, wherein the carrier comprises lipid complexes. 

70. The method ofclaim 67, wherein the carrier comprises microparticles. 

71 . The method ofclaim 67, wherein the carrier comprises polyethylene glycol 
compoimds. 

72. The method of claim 65 combined with the method of claim 66^ 

73. The method ofclaim 1 wherein Ae permeant comprises a substance which has the 
ability to change its detectable response to a stimulus when in the proxunity of an analyte present 
in the organism. 
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